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RT reaction time 
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SOA stimulus onset asynchrony 
RT reaction time 
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VA visual acuity 
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XT exotropia 
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C h a p t e r  O n e   
INTRODUCTION 
1. Motivations 
Amblyopia, commonly known as lazy eye, is a developmental visual disorder, which starts at 
an early age. A key issue in its treatment is an early diagnosis. For best results correction 
should happen no later then 3-5 years. However, methods used to diagnose visual impairment 
in children are not efficient enough and cannot be applied successfully for wide range 
population screening at an early age. As a result, most of the children affected by visual 
impairments resulting in amblyopia are only diagnosed at school age when the impairment has 
fully developed and chances of effective therapy are significantly lower. The consequences of 
not identifying and treating amblyopia early include permanent visual impairment, poor fine 
motor skills, adverse effects on school performance, social interactions and self-image. 
In Hungary this is a prominent issue, since according to estimates the prevalence of 
amblyopia is larger here than in other developed countries (2-3% instead of 1.6%). In addition, 
among the goals of “Vision 2020”, a worldwide program launched by WHO to eliminate 
avoidable blindness, the fight against amblyopia receives high priority in Hungary, too. 
2. Amblyopia 
The earliest clinical description of human amblyopia is generally credited to Le Cat in 1713. 
Pioneering work by David Hubel and Torsten Wiesel, based on animal models, led to the 
hypothesis that amblyopia is the result of competition between each eye’s afferents into the 
visual cortex during the formative stages of the visual system [15, 16]. Amblyopia literally 
means "dullness of vision" (from the Greek amblyos—dull; opia, from the stem ops—vision) 
[17]. It arises from abnormal visual experiences in early childhood. According to large 
population studies it occurs in 1.6-3.6% of the population [18–22] with evidence that the rate 
is even higher in medically underserved populations [23]. With 625 million children under the 
age of 5 years worldwide, more than 15 million may have amblyopia, and more than half of 
them will not be identified before they reach school age [24]. Amblyopia accounts for more 
cases of unilateral reduced vision in children than all other causes combined [25]. 
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2.1. What is amblyopia? 
Amblyopia has traditionally been defined by what it is not, rather than by what it is. 
Definitions often include aphorisms such as a disorder “in which the patient sees nothing and 
the doctor sees nothing” [26, 27]. It can be defined as a unilateral or, less commonly, bilateral 
reduction in best corrected visual acuity, not directly attributed to a structural abnormality of 
the eye or posterior visual pathways. Eyes appear normal on physical examination. Unilateral 
amblyopia is clinically defined as a two-line difference of best corrected visual acuity between 
the eyes. It is one of the most common causes of vision loss and primary causes are 
strabismus, anisometropia (significant difference in refractive error between the two eyes) and 
stimulus deprivation (in particular congenital cataract and ptosis). Early detection of 
amblyopia is crucial in obtaining the best response to treatment. If treated early in life, is 
completely or partially reversible [17]. 
Permanent monocular visual impairment due to amblyopia is a risk factor for total 
blindness if the better seeing eye is injured or if the fellow eye is affected by disease later in 
life [28, 29]. This fact adds urgency to our efforts to learn more about this disorder. The 
lifetime risk of blindness because of loss of the better eye is 1.2% [30]. If the better seeing eye 
is lost, the visual acuity of 10% of amblyopic eyes can improve [31]. These findings suggest 
there is some plasticity in the visual system of a few visually mature individuals with 
amblyopia. 
Based on animal studies [32] and functional human neuroimaging [33], amblyopia can 
be defined as a disorder in which there is dysfunction in the processing of visual information. 
This dysfunction is usually detected and evident as reduced recognition visual acuity, although 
the abnormalities include many types of visual function [34] such as contrast-sensitivity 
function (CSF), vernier acuity as well as spatial distortion [35], abnormal spatial interactions 
[36, 37], impaired contour detection [38] and binocular abnormalities such as impaired 
stereoacuity and abnormal binocular summation. Although clinical ocular examination is most 
often entirely normal, microscopic anatomical and structural abnormalities have been found in 
the retina [39], lateral geniculate bodies [40], and visual cortex [41]. The visual deficiencies 
are thought to be irreversible after the first decade of life, by which time the developmental 
maturation window has been terminated. 
2.2. Causes of amblyopia 
The degradation of the image, and subsequent central suppression that leads to amblyopia, 
results from one of three causal processes (Table 1.1). About a third of amblyopia is caused 
by strabismus (ocular deviation), a third by anisometropia (unequal interocular refractive 
error), and a third by a combination of both disorder types [27, 42, 43]. Deprivation amblyopia 
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results from occlusion of the pupil and lack of pattern stimulation. It seems to be rare, based 
on the incidence of the primary causative factors such as infantile cataract (2 to 4.5 of every 
10000 births) [44, 45], corneal dystrophy, ptosis, media opacities, or excessive patching 
therapy for amblyopia treatment (reverse amblyopia) accounting for only up to 3% of cases 
[46], but it has the most potential to cause severe amblyopia. 
 
 Features Unilateral or 
bilateral effect 
Strabismus  
(ocular misalignment) 
The eyes do not receive 
corresponding images on the 
fovea 
Unilateral 
Anisometropia  
(difference in refractive error) 
One foveal image is more 
blurred than the other 
Unilateral 
Deprivation  
(including ametropia—ie, large 
symmetric refractive errors)* 
Physical obstruction of one 
image (eg. cataract, ptosis, or 
bilateral blur from uncorrected 
refractive error) 
Either 
Table 1.1. Causes of amblyopia [27]. *Amblyopia is the residual visual deficit after the physical 
obstruction is removed and appropriate optical correction is provided. 
 
2.3. Strabismic and anisometropic amblyopia 
Strabismic and anisometropic amblyopia differ in the spectrum of associated visual deficits 
despite their common effect on visual acuity. Levi and Klein found that in amblyopes with 
strabismus the deficits in optotype acuity and in Vernier acuity were disproportionately greater 
than the deficit in grating acuity, whereas anisometropic amblyopia is associated with 
proportional deficits in optotype, vernier, and grating acuity [47, 48]. There are two 
hypotheses regarding the source of differences in the pattern of visual deficits between these 
two types of amblyopia. First is the etiology hypothesis, the differences may reflect 
fundamentally different pathophysiological processes [49]. For example, sparse/irregular 
sampling may be associated with binocular competition between two discordant images in 
strabismus but not between the sharp versus defocused images in anisometropia. The second 
hypothesis is the effective age hypothesis, the different constellations of spatial deficits in 
anisometropic and strabismic amblyopia reflect the degree of visual maturation present at the 
onset of amblyopia [49]. That is anisometropic amblyopia may arise at an age where visual 
maturation is more complete [22]. Birch at al. found the same, that anisometropia may develop 
later, and become an etiologic factor for amblyopia primarily after 3 years of age or another 
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alternative is that anisometropia may be present early but requires a longer duration than 
strabismus to cause amblyopia [22]. 
 Both types of amblyopia show a selective decrease in foveal vision [35], however, 
tests of contrast sensitivity also indicate some peripheral field visual deficits [50]. The deficit 
is generally more limited to central vision in strabismic amblyopia [51], which is thought to be 
similar to peripheral vision, compared to anisometropic amblyopia, which is like blurred 
normal foveal vision [52, 53]. This distinction is in agreement with the differential effect of 
flankers in anisometropic and strabismic amblyopes in visual crowding experiments [36, 52, 
54]. 
 
 
Figure 1.1. McKee’s “amblyopia map”: Factor 1 (“acuity”): acuity measures (optotype, Vernier, and 
grating). Factor 2 (“sensitivity”): contrast sensitivity measures (edge contrast and PelliRobson contrast 
thresholds). The coloring captures the four broad categories: normal or near-normal (black), moderate 
acuity loss with superior (red) or impaired (green) sensitivity, and severe acuity loss (blue). These four 
zones correspond roughly to a traditional classification scheme: normals (black), strabismics (red), 
anisometropes (green), and strabismic anisometropes (blue) [34]. 
 
 In McKee’s “amblyopia map” strabismics show supernormal sensitivity (edge contrast 
and PelliRobson contrast thresholds), well above that of the anisometropes. Anisometropes, 
despite their poor sensitivity, show an acuity (optotype, Vernier, and grating acuity) that is as 
good or perhaps slightly better than strabismics (Figure 1.1) [34]. Many eccentric fixators are 
probably strabismic anisometropes with severe visual acuity loss. In the same study two thirds 
of the anisometropes passed motion integration, randot circles tests, while only about 10% of 
constant strabismics passed both tests. 
DOI:10.15774/PPKE.ITK.2015.009
Amblyopia 
 
11 
 There is evidence that using checkerboard patterns calcarine activity as measured with 
fMRI was most suppressed for low spatial frequency stimuli in strabismics, while in 
anisometropic patients it was most reduced for high frequency patterns [55, 56]. On the other 
hand, the fMRI study by Conner and colleagues [57] has failed to differentiate anisometropic 
and strabismic subtypes based on fMRI activation levels in retinotopic maps of V1 and V2, 
while animal studies of contour/motion integration and form detection also found similar 
deficiencies for the amblyopic eyes of both strabismic and amblyopic monkeys [58, 59]. 
Kiorpes and colleagues [60] in a macaque study also found that physiological changes 
associated with amblyopia were related to the severity, not the etiology, of the visual losses. 
2.4. Treatment 
In the past several years much has been published regarding the treatment of this disease, 
owing mostly to a series of Amblyopia Treatment Studies (ATS) undertaken by the Pediatric 
Eye Disease Investigator Group (PEDIG). These studies were designed to evaluate the 
traditional methods for treating amblyopia and provide evidence on which to base treatment 
decisions. 
In general, treatment for amblyopia consists of depriving the healthy eye of visual 
input by patching or by optical or pharmaceutical penalisation to force the use of the 
amblyopic eye. In deprivation amblyopia, the cause of the visual deprivation needs to be 
addressed first and then the disorder should be treated similarly to other types of amblyopia. In 
anisometropic amblyopia, refractive errors need to be corrected with spectacles or contact 
lenses or refractive surgery. In strabismic amblyopia, conventional wisdom states that 
amblyopia should be treated first, and that correction of the strabismus will have little if any 
effect on amblyopia, although the timing of surgery is controversial [27]. 
Table 1.2 summarises the degrees of refractive error thought to induce amblyopia. 
With the optimum refractive correction in place, any residual visual deficit is, by definition, 
due to amblyopia. Convincing evidence indicates that continued spectacle wear is therapeutic 
in its own right, providing a clear image to the fovea of the amblyopic eye for perhaps the first 
time. 
 
Patching, atropine 
Patching and atropine have been used to treat amblyopia for hundreds of years. Only in the 
last 15 years have randomized clinical trials been conducted to evaluate the effectiveness of 
amblyopia treatment and to begin to define optimal treatment protocols. Occlusion therapy 
with patching of the dominant eye has been the cornerstone of amblyopia treatment. On 
average, 120 h of occlusion results in a one-line (0.1 logMAR) improvement in visual acuity 
at 6 years of age [61]. Beyond the critical period for plasticity, supervised patching (movie 
DOI:10.15774/PPKE.ITK.2015.009
INTRODUCTION 
 
12 
watching while dominant eye patched) has been shown to have positive impact for 
anisometropic, but not for strabismic amblyopia in adults [62]. 
Atropine is used as a 1% drop to the healthy eye, blocking parasympathetic 
innervation of the pupil and ciliary muscle and causing pupillary dilatation and loss of 
accommodation, thus blurring the vision at near and allowing the amblyopic eye to be used 
preferentially. Atropine penalization works less quickly than occlusion [63] and generally has 
been advocated for amblyopia with vision better than 20/100, because it may not be sufficient 
to switch fixation in severe amblyopia [24]. In some cases, occlusion and atropine penalization 
may be combined. 
 
 Prescribing guidelines for 
children aged 2–3 years* 
Spectacle requirements before entry 
into recent randomised trials† 
Anisometropia **   
Hyperopic ≥+1·50D ≥+1·00D 
Astigmatism ≥2·00D ≥1·50D 
Myopic ≥–2·00D ≥–1·00D 
   
Symmetric   
Hyperopia ≥+4·50D >+3·00D 
Myopia ≥–3·00D >–3·00D 
Table 1.2. Degrees of refractive error thought to induce amblyopia [27]. ** asymmetric refractive error, 
*Based on prescribing guidelines from the American Academy of Ophthalmology for refractive error 
recorded in a routine eye examination and the philosophy of preventing ambylopia. (American 
Academy of Ophthalmology. Pediatric eye evaluations, preferred practice pattern. San Francisco, CA, 
USA: American Academy of Ophthalmology, 2002.), †Based on the minimum amount of refractive 
error that should be first treated with spectacles, with respect to reduced visual acuity in recent 
randomised trials by the Pediatric Eye Disease Investigator Group (PEDIG) [64–66]. 
 
Levodopa and citocholine 
Oral levodopa (which is used to treat Parkinson’s disease) and citocholine have been reported 
in treatment of amblyopia and has shown effects seen on both visual acuity and functional 
MRI [67–72]. The neuropsychiatric side-effects of these drugs render their use unlikely in 
routine clinical practice for amblyopia treatment. 
 
Repetitive transcranial magnetic stimulation (rTMS) 
It has been reported that a single session of 1 Hz or 10 Hz repetitive transcranial magnetic 
stimulation (rTMS) and continuous theta burst stimulation (cTBS) of the visual cortex can 
improve contrast sensitivity in adults with amblyopia [73, 74]. 
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Visual stimulation, perceptual learning 
While it is widely believed that amblyopia cannot be treated successfully after the age of about 
10, recent studies show that the adult human visual cortex retains a significant degree of 
plasticity. The stimuli used are very diverse, ranging from Gabor stimuli to different video 
games and dichoptic training (e.g. tetris) [75]. The perceptual learning therapy of the 
amblyopic eye leads to significant improvements in visual functions (e.g. visual acuity, 
stereopsis), especially when both eyes are stimulated simultaneously during the visual training 
as opposed to conventional procedures that severely penalize the good eye [75–86]. These 
findings raise the hope that perceptual learning could become a new therapeutic means for 
treating amblyopia beyond the sensitive period, which currently has no clinically validated 
treatment option. 
2.5. Electrophysiological deficits in amblyopia  
Several studies have been performed with electrophysiological methods used in humans and in 
animal models, to investigate the amblyopic dysfunction of the visual system. Visually evoked 
potentials provide direct means of measuring the electrical responses of the brain in humans 
with naturally occuring amblyopia. Using diffuse light flashes, several investigators have 
reported a decrease in the amplitude of the cortical response to stimulation of the amblyopic 
eye [87, 88], while others have found no difference between the two eyes [89–91]. When 
pattern stimuli are used, the results are more consistent, with most investigators reporting 
decreased amplitude and/or increased latency in the response obtained when stimuli are 
presented to the amblyopic eye [90–95]. However, most of these earlier studies have restricted 
the temporal presentation of the gratings or the repetition rate of the diffuse flash to only a 
small number of temporal frequencies [96].  
The reduced function of the amblyopic eye evident in the VEP to spatial contrast is 
greater for high than for low spatial frequencies, and probably reflects abnormalities of the 
central portion of the visual field [97]. 
Most neurophysiologic studies conducted on human amblyopes has focused on the 
early, low-level visual cortical processing deficits - responsible for e.g. reduced visual acuity 
and contrast sensitivity [98, 99] -, which are reflected in the P1 component of the visual-
evoked responses (VEPs) [41, 96, 100, 101]. However, higher order visual functions (e.g. 
global form and motion processing) are also affected [102–106], a recent study showing that 
global motion signal evokes reduced VEP in amblyopia [107].  
Traditionally, amblyopia has been regarded as a disorder limited to the central retina 
[108], even though there exist studies that question this notion [50, 109]. Full-field pattern-
reversal VEP studies [101, 110] support the dominantly central deficit in amblyopia based on 
the lack of interocular difference when using large check sizes (>60’), where response are 
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thought to predominantly arise from neurons processing the periphery of the visual field [101, 
111–113]. Stimulation of the amblyopic eye with small check sizes (<30’), on the other hand, 
which preferentially activates the foveal area [101, 111–113] as it only elicits measurable VEP 
responses up to 2-4 degrees eccentricity [111], yield drastically reduced and delayed VEP 
responses. Similar divergence is obtained in studies using small central and large annular 
stimuli for the stimulation of the fovea and perifovea, respectively [114, 115]. As opposed to 
full-field VEP, the multifocal VEP (mfVEP) technique is capable of directly investigating 
peripheral processing by stimulating the visual field at different eccentricities. These studies, 
on the other hand, tend to find amplitude and latency differences at the perifoveal region as 
well as the fovea, even though smaller in size [116–118]. 
 
2.6. Open questions 
1. Previous research revealed that in monocular viewing condition, stimuli presented to 
the amblyopic eye lead to reduced and delayed visual evoked potentials (VEP) as 
compared to the stimulation of the fellow eye [41, 96, 100, 101, 107]. Similarly, fMRI 
responses are also decreased for stimuli presented in the amblyopic eye compared to 
the fellow eye both in monocular viewing condition as well as in the case when 
stimuli are presented separately to the amblyopic and fellow eye using red-green 
glasses [102, 114, 119–123]. However, it is not known whether and to what extent 
neural responses to the visual information coming from the amblyopic eye is 
suppressed during binocular viewing condition. 
 
2. The extensive behavioral research in the past decades revealed that amblyopia 
involves both low level (e.g. reduced visual acuity and contrast sensitivity) [98, 99] 
and higher-order (e.g. global form and motion processing) visual deficits [102–106]. 
In agreement with this, human fMRI studies showed reduced fMRI responses 
throughout the visual processing hierarchy – including the lateral geniculate nucleus, 
the striate and extra-striate cortex [57, 102, 114, 121–123]. In spite of this, 
neurophysiologic research in human amblyopes has focused on the early, low-level 
visual cortical processing deficits, which are reflected on the P1 component of the 
visual-evoked responses (VEPs) [41, 96, 100, 101] with an exception of a recent study 
showing that global motion signal evokes reduced VEP in amblyopia [107]. As a 
result, it is not known how the temporal structure and strength of neural responses at 
the higher, object-specific stages of visual information processing are altered in 
human amblyopia. 
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3. Traditionally, amblyopia has been regarded as a disorder limited to the central retina 
[108], even though there exist studies that question this notion [50, 109]. As the 
results collected over some four decades are equivocal, no consensus has been reached 
so far how the peripheral visual field is affected in amblyopia. Today only strabismic 
amblyopia is considered a deficit primarily of central vision as early psychophysical 
investigations found that contrast detection threshold [51], acuity [124–126] and 
binocular interactions [127] are similar between the two eyes from eccentricities of 
20˚ on. This is in agreement with macaque single unit recording [60] and human fMRI 
studies [114] that also found no peripheral interocular differences in strabismic 
amblyopia. On the contrary, other studies investigating both strabismic and 
anisometropic amblyopes have shown decreased sensitivity of the amblyopic eye in 
the periphery for motion detection and discrimination [109] and contrast detection 
[50] in the eccentricity range of 10-30deg. The extent of the amblyopic loss in the 
periphery in both experiments was related to the degree of foveal loss rather than the 
type of amblyopia. 
3. Goals of the dissertation 
1. In accordance with the above, the present dissertation focuses on whether and to what 
extent neural responses to the visual information coming from the amblyopic eye is 
suppressed during binocular viewing condition. 
 
2. It also aims at uncovering the neural mechanisms of amblyopic disruption of early 
visual experience and understanding the nature of amblyopic deficits at different 
stages of visual information processing. 
 
3. It's final goal is to investigate cortical processing of the amblyopic eye outside the 
foveal area by scaling the stimulus size, thus, keeping the stimulated area of the visual 
cortex constant at different eccentricities. 
4. Methods 
Throughout the course of my work I have collected the patients, and performed the clinical 
examinations: refraction, visual acuity test (ETDRS chart), contrast sensitivity test (SWCT-
1000), binocular vision tests (Bagolini striated glasses test, Worth 4 dot test, Lang stereo test, 
Titmus test), ocular aligmment examination, anterior segment and fundus examination with 
slit lamp. I have used a wide array of experimental methods applicable in cognitive 
neuroscience research: psychophysics, electrophysiology with classical ERP. For writing 
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experimental presentations and scripts for analyzing the results I used Matlab 7.1 (The 
MathWorks Inc., Natick, MA, USA) with various toolboxes for presentation (Psychtoolbox 
2.54 - [128], [129]) and for data analysis (Psignifit - [130]) alongside other commercial 
software (Brain-Vision Analyzer 1.05 - EEG preprocessing, Brainproducts GmbH., Munich, 
Germany). I recorded EEG with a BrainAmp MR amplifier (Brainproducts GmbH., Munich, 
Germany) with 64 Ag/AgCl electrodes mounted in an EasyCap (Easycap GmbH, Herrsching-
Breitbrunn, Germany). I used Statistica 9 for statistical analysis and iViewX Hi-Speed 
tracking column (SMI GmbH, Germany) for eye-tracking. 
We chose faces for stimuli as opposed to the more conventional checkerboard or sine 
wave grating/Gabor patch stimuli in our experiments because they are natural, ecologically 
valid stimuli and it is possible to control their spatial frequency content just as well as using 
Gabor patches. In addition our research group is specialized for studying face processing with 
eletrophysiological and fMRI methods. Thus, we have prior knowledge about the validity of 
our single-trial peak detection approach on the event-related potentials evoked by faces. Even 
though it has been previously shown that there is a face specific processing deficit in 
amblyopia [102], the amblyopic deficit in early neural processing, as reflected in the P1 
component, should not be significantly affected by the stimulus used.  
Face processing is one of the most researched fields of cognitive neuroscience, since 
the majority of socially relevant information is conveyed by the face, rendering it as a stimulus 
of exquisite importance. Faces are considered a special class of stimuli with dedicated neural 
processing mechanisms that differ from that of other nonface objects. Opinions differ on the 
reason underlying their special status: one group of researchers claims that faces are processed 
by cortical areas entirely dedicated to face processing [131, 132], while others argue that the 
specific responses obtained for faces is a result of the type of judgment we are required to 
make whenever viewing a face: differentiating that individual face from the rest (i.e. 
subordinate level of categorization) and also the level of expertise with which we make these 
categorization judgments [133, 134]. Within the processing circuits there is evidence for a 
certain degree of separation between changeable (such as expression, lipspeech and eye gaze) 
and invariant facial attributes (such as identity and gender), the former being coded/processed 
predominantly in the superior temporal sulcus (STS), the later in the fusiform face area (FFA) 
[135]. This separation is not exclusive however, since there is significant overlap [136]. 
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C h a p t e r  T w o  
THE STRENGTH OF INTEROCULAR SUPPRESSION 
1. Motivations 
Amblyopia is a visual disorder affecting primarily foveal vision and is caused by an 
anomalous early visual experience. It has been suggested that suppression of the visual input 
from the weaker eye might be a primary underlying mechanism of the amblyopic syndrome 
(for review see [137]). In agreement with this, previous research revealed that in monocular 
viewing condition, stimuli presented to the amblyopic eye lead to reduced and delayed visual 
evoked potentials (VEP) as compared to the stimulation of the fellow eye [41, 96, 100, 101, 
107]. Similarly, fMRI responses are also decreased for stimuli presented in the amblyopic eye 
compared to the fellow eye both in monocular viewing condition as well as in the case when 
stimuli are presented separately to the amblyopic and fellow eye using red-green glasses [102, 
114, 119–123]. However, it is not known whether and to what extent neural responses to the 
visual information coming from the amblyopic eye is suppressed during binocular viewing 
condition. 
To address this question we measured event-related potentials (ERP) to foveal face 
stimuli in amblyopic patients, both in monocular and binocular viewing conditions. We 
compared the ERP responses obtained in the binocular viewing condition to those in the 
monocular stimulation of the amblyopic and fellow eye. We reasoned that strong and efficient 
suppression of the visual input from the amblyopic eye in the binocular viewing condition 
would result in ERP responses very similar to those in the monocular stimulation of the fellow 
eye. On the other hand, if amblyopic input is not or only weakly suppressed during binocular 
stimulation, it might affect both the amplitude and delay of the early ERP components and 
thus result in altered ERP responses in the case of binocular compared to the fellow eye 
stimulation. 
2. Materials and methods 
2.1. Subjects 
Twelve amblyopic subjects (5 females, 9 right-handed, mean age: 31 years) participated in the 
experiment. In six cases the amblyopic eye was their right eye. None of them had any history 
of neurological or psychiatric diseases and all had normal or corrected-to-normal visual acuity 
of the dominant fellow eye (see Table 2.1 for more details). 
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2.2. Visual stimuli 
Participants viewed images of human faces and performed a gender categorization task. Face-
stimuli consisted of front view grayscale photographs of four female and four male neutral 
faces that were cropped and covered with a circular mask to eliminate the outer features. All 
images were equated for luminance and contrast. Stimuli were presented centrally on a 
uniform gray background and subtended 2 visual degrees, matching approximately the size of 
the fovea. 
2.3. Procedure 
Gender categorization was measured by a two-alternative forced choice procedure. Subjects 
were required to judge the gender of the face images (female/male) as accurately and fast as 
possible, indicating their choice with one of the mouse buttons. Button assignment was left for 
female and right for male for half of the subjects and was reversed for the other half. Each 
stimulus was presented for 250 ms followed by a response window which lasted until the 
subjects responded but was maximized in 2 s (Figure 2.1). The fixation point was present 
throughout the entire trial. In the experiment, the inter-trial interval (ITI) was randomized in 
the range of 1600–1800 ms. Viewing was monocular with the amblyopic eye (AE) in one 
block and with the dominant fellow eye (FE) in another while the unused eye was patched, 
while in yet another block viewing was binocular (BO). Each participant completed one run 
per eye yielding 128 trials each. Stimulus presentation was controlled by MATLAB 7.1. (The 
Math-Works) using the Cogent 2000 toolbox (http://www.vislab.ucl.ac.uk/cogent.php). 
 
Figure 2.1. Experimental design. In experiment 1 the inter-trial interval (ITI) was randomized in the 
range of 1600–1800 ms after the response had been made. 
 
DOI:10.15774/PPKE.ITK.2015.009
THE STRENGTH OF INTEROCULAR SUPPRESSION 
 
20 
In the EEG experiment, visual stimuli were presented on a 26” LG LCD monitor at a refresh 
rate of 60 Hz and were viewed from 56 cm. 
2.4. Data analysis 
Behavioral Data Analysis 
Responses and reaction times were collected during both experiments. Data was rank 
transformed where needed to correct for inhomogeneity of variances and entered into one-way 
repeated-measures ANOVAs with eye (BO vs. FE vs. AE) as within subject factor with 
Greenhouse-Geisser correction for non-sphericity; post-hoc t-tests were computed using 
Tukey HSD tests. 
 
Electrophysiological Recording and Analysis  
EEG data were acquired using a BrainAmp MR (Brainproducts GmbH., Munich, Germany) 
amplifier from 60 Ag/AgCl scalp electrodes placed according to the extended 10-20 
international electrode system and mounted on an EasyCap (Easycap GmbH, Herrsching-
Breitbrunn, Germany) with four additional periocular electrodes placed at the outer canthi of 
the eyes and above and below the right eye for the purpose of recording the electrooculogram. 
All channels were referenced to joint earlobes online; the ground was placed on the nasion. All 
input impedance was kept below 5 kΩ. Data were sampled at 1000 Hz with an analog 
bandpass of 0.016–250 Hz and re-referenced offline using a Laplacian transform on spherical 
spline interpolated data (4th order splines, maximum degree of Legendre polynomials:10, 
lambda: 10-5) to generate scalp current density (SCD) waveforms. The SCD data is reference 
independent and displays reduced volume conduction eliminating raw EEG contamination 
from saccadic potentials [138]. Subsequently, a digital 0.1 Hz 12 dB/octave Butterworth Zero 
Phase high-pass filter was used to remove DC drifts, and a 50 Hz notch filter was applied to 
minimize line-noise artifacts. Finally, a 24 dB/octave low-pass filter with a cutoff frequency of 
30 Hz was applied. Data was segmented (see below) and trials that contained voltage 
fluctuations exceeding ±100 μV, or electro-oculogram activity exceeding ±50 μV were 
rejected. Data processing was done using BrainVision Analyzer (Brainproducts GmbH., 
Munich, Germany). 
 The trial-averaged EEG waveform – i.e. the event-related potential (ERP) – was 
computed as follows. Data was segmented into 1000 ms epochs starting from 200 ms 
preceding the stimuli. Segments were baseline corrected over a 200 ms pre-stimulus window, 
artifact rejected and averaged to obtain the ERP waveforms for each subject for each 
condition. Subject ERPs were averaged to compute the grand average ERP for visualization 
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purposes. Statistical analysis was performed on early component peaks (P1, N170) of the 
averaged ERP waveform. Early peak amplitudes were computed as follows: peak latency was 
determined individually on pooled electrodes from left and right clusters (P7, P9, PO7, and 
PO9 and P8, P10, PO8, and PO10) separately, while mean peak amplitudes were measured 
over the individual electrodes in the above clusters in a 10 ms window centered on the peak 
latencies. The clusters included electrodes where P1 and N170 showed their maxima, which 
happened to coincide due to the SCD transform. Amplitude and latency values were rank 
transformed where needed to correct for inhomogeneity of variances and analyzed by three-
way repeated-measure ANOVAs with eye (BO vs. FE vs. AE), side (2) and electrode (4) as 
within-subject factors separately for each component. Greenhouse-Geisser correction was 
applied to correct for possible violations of sphericity. Post-hoc t-tests were computed using 
Tukey HSD tests. 
We assessed the relationship using Pearson correlation between the relative changes 
(AE-FE) in ERP component amplitude and latency and the difference in interocular visual 
acuity (VA) (AE-FE) expressed in logMAR values obtained at a distance of 4 m with the best 
refractive correction, the difference in performance (FE-AE) and in reaction time (RT) (AE-
FE). Latency and amplitude measures can be treated as independent, while measured values 
over the different hemispheres and different behavioral measurements are strongly dependent 
on each other. Therefore, the significance threshold was set to p=0.025 (pBonf =0.05) to 
correct for the multiple comparisons problem. 
3. Results 
3.1. Behavioral results 
Performance in the gender categorization task was decreased when stimuli were presented in 
the amblyopic eye (rank ANOVA: main effect of eye: F(2,22)=5.57, pG-Gcorr=0.021, post hoc: 
p=0.036, p=0.014 compared with binocular viewing and the fellow eye conditions, 
respectively, Figure 2.2A). Similar amblyopic effects were found on the reaction times: 
responses with amblyopic viewing were significantly slower than in the other two conditions 
(main effect of eye: F(2,22)=14.58, pG-Gcorr=0.0003, post hoc: p=0.0008 and p=0.0003 compared 
with the binocular viewing and the fellow eye condition, respectively, Figure 2.2B) 
Importantly, however, performance and reaction times did not differ between the presentation 
to the fellow eye and the binocular viewing condition (post hoc: BO vs. FE p=0,911 and 
p=0,84 for performance and RTs, respectively). 
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Figure 2.2. Behavioral results. (A) Accuracy and (B) reaction times in the binocular, fellow eye and 
amblyopic viewing conditions. In all cases the amblyopic eye performed worse/slower, while there was 
no difference between the fellow eye and binocular viewing (N=12, * p<0.05; *** p<0.001). 
 
3.2. Amblyopic effects on amplitude and latency of the early ERP components 
Electrophysiological results revealed that amblyopia has a profound effect on the amplitude 
and latency of the early event-related potential (ERP) components. Viewing with the 
amblyopic eye resulted in reduced amplitudes (rank ANOVA: main effect of eye: 
F(2,22)=11.00, pG-Gcorr=0.0036 and F(2,22)=8.28, pG-Gcorr=0.007 for the components P1 and N170, 
respectively; post hoc: AE vs. BO p=0.0008, AE vs. FE p=0.0035 for the component P1, post 
hoc: AE vs. BO p=0.0065, AE vs. FE p=0.0043 for the component N170) and increased 
latencies (main effect of eye: F(2,22)=18.18, pG-Gcorr=0.0004 and F(2,22)=25.47, pG-Gcorr<0.0001 
for the components P1 and N170, respectively, post hoc AE vs. BO p=0.0002, AE vs. FE 
p=0.0002, for the component P1, post hoc: AE vs. BO p=0.0001, AE vs. FE p=0.0002, for the 
component N170) compared with the fellow eye and the binocular viewing condition for both 
early ERP components (Figure 2.3A). However, in accordance with the behavioral results, 
there was no difference in the early ERP responses between the fellow eye presentation and 
the binocular viewing condition (post hoc: BO vs. FE p=0.79 and p=0.98 for the P1 and N170 
amplitude, respectively; p=0.89 and p=0.63 for the P1 and N170 latency, respectively). 
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Figure 2.3. Electrophysiological results. (A) Amblyopic effects on the grand average ERPs of the left 
and right electrode cluster (P7, P9, PO7, and PO9 and P8, P10, PO8, and PO10). (B) Amblyopic effects 
on the P1 and N170 component amplitude and latency. Stimulation of the amblyopic eye resulted in 
reduced amplitudes and increased latencies of both early visual ERP components compared with either 
the fellow eye or the binocular viewing condition, while the latter two differed neither in amplitude nor 
in latency (N=12, ** p<0.01; *** p<0.001). 
 
Next, we tested the relationship between the amblyopic effects measured on the ERP 
components (i.e. interocular difference in the amplitude and latency of the early components) 
and the amblyopic impairment in visual acuity (VA, logMAR), face gender categorization 
performance and reaction times. We found significant correlation between the amblyopic 
effects on the behavioral measures and on the latency of the N170 component over the right 
hemisphere (N170 latency vs. VA r=0.66, p=0.019; N170 latency vs. performance r=0.67, 
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p=0.017; N170 latency vs. RT r=0.63, p=0.027). Amblyopic effects on the N170 over the left 
hemisphere and on the P1 component showed no correlation with the amblyopic impairments 
found on the behavioral measures. Behavioral impairments also did not correlate with the 
amblyopic effects on the amplitudes of either component (see Table 2.2). 
 
    P1 N170  
  Hemisphere VA Perf RT VA Perf RT 
Amplitude 
Right 
r=-0.0057 
p=0.986 
r=-0.2569 
p=0.420 
r=0.2862 
p=0.367 
r=0.1101 
p=0.733 
r=0.3062 
p=0.333 
r=0.4302 
p=0.163 
Left 
r=0.5536 
p=0.062 
r=0.4975 
p=0.100 
r=.2820 
p=0.375 
r=0.2328 
p=0.467 
r=0.1216 
p=0.707 
r=0.3967 
p=0.202 
Latency 
Right 
r=0.5201 
p=0.083 
r=0.3429 
p=0.275 
r=0.4405 
p=0.152 
r=0.6608 
p=0.019 
r=0.6709 
p=0.017 
r=0.6326 
p=0.027 
Left 
r=0.1585 
p=0.623 
r=0.2876 
p=0.365 
r=0.1824 
p=0.570 
r=0.4341 
p=0.159 
r=0.3994 
p=0.198 
r=0.5375 
p=0.071 
Table 2.2. Pearson r and p values of the correlation analysis between the amblyopic effect on peak 
amplitudes/latencies and the amblyopic effect on behavioral measures. N= 12, VA: visual acuity, Perf: 
performance, RT: reaction time. Significant correlations are indicated by bold face. 
 
4. Discussion 
The results revealed no difference in the amplitude and latency of early P1 and N170 
components of the ERP responses between the binocular and fellow eye stimulation. This is in 
accordance with the behavioral results showing that face gender categorization performance 
and reaction times are identical when stimuli are presented binocularly or to the fellow eye. On 
the other hand, in agreement with previous results we found strong amblyopic effects on the 
behavioral measures as well as on the P1 and N170 ERP components in the case of monocular 
stimulation of the amblyopic eye. 
Previous research investigating interocular suppression in healthy visual systems 
revealed that suppression processes might start very early in visual processing [138–141]. 
Furthermore, previous psychophysical [142, 143] and fMRI [105, 106, 119] studies provided 
converging evidence that information conveyed by the non-dominant stimuli during binocular 
rivalry might almost entirely be suppressed in ventral areas of the visual cortex. In addition, an 
fMRI study investigating the processing of faces in amblyopia using anaglyph stimuli found 
almost no activation in FFA during amblyopic stimulation as the magnitude of the amblyopic 
effects on the fMRI responses to faces increased as one moves to more downstream visual 
cortical areas, such as FFA [102]. These results are at odds with ours showing reduced, but 
still clearly identifiable amblyopic responses in the N170 component. The most parsimonious 
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explanation for this discrepancy might lie in the difference in stimulus presentation, as it is 
reasonable to assume that the stronger signal reduction for the stimuli presented to the 
amblyopic eye in the Lerner et al [102] compared with the current study might be due to the 
fact that interocular suppression of the amblyopic eye might be stronger when the fellow eye 
is open and fixating as compared to when it is closed as was the case in our study. FMRI 
studies also revealed the dominant eye response differs less from the binocular response than 
does the amblyopic eye response both in cortical area and mean level of activation [145]. 
Moreover, both a delay and an amplitude reduction was found in the early visual cortical 
hemodynamic response function (HRF) of amblyopic eye stimulation under the suppressed 
binocular condition [146]. However the BOLD signal is only an indirect measure of the 
underlying neural response integrated in time, having a much worse temporal resolution 
compared with the ERP response. Therefore, our findings of suppression early in time 
strengthen the above results obtained with fMRI. 
In conclusion, our findings are in agreement with these previous results, by showing 
that input from the amblyopic eye is completely suppressed already at the earliest stages of 
visual cortical processing during binocular viewing. 
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C h a p t e r  T h r e e  
AMBLYOPIC DEFICITS IN HIGH-LEVEL OBJECT 
PROCESSING 
1. Motivations 
The extensive behavioral research in the past decades revealed that amblyopia involves both 
low level (e.g. reduced visual acuity and contrast sensitivity) [98, 99] and higher-order (e.g. 
global form and motion processing) visual deficits [102–106]. In agreement with this, human 
functional magnetic resonance imaging (fMRI) studies showed reduced fMRI responses 
throughout the visual processing hierarchy – including the lateral geniculate nucleus, the 
striate and extra-striate cortex [57, 102, 114, 119, 121–123]. In spite of this, neurophysiologic 
research in human amblyopes has focused on the early, low-level visual cortical processing 
deficits, which are reflected on the P1 component of the visual-evoked responses (VEPs) [41, 
96, 100, 101] with an exception of a recent study showing that global motion signal evokes 
reduced VEP in amblyopia [107]. As a result, it is not known how the temporal structure and 
strength of neural responses at the higher, object-specific stages of visual information 
processing are altered in human amblyopia. 
 To address this question we measured event-related potential (ERP) responses to 
foveal face stimuli in amblyopic patients. More specifically, our goal was to characterize the 
amblyopic deficits in the face-selective N170 ERP component, reflecting higher level 
structural processing of facial information (for a review see [147]) and originating from a 
network of occipito-temporal cortical areas [148–150] and compare it to the amblyopic effects 
present already at the P1 ERP component, which marks primarily the low-level cortical 
processing of visual features. Importantly, we used single trial analysis, which enabled us to 
investigate the amblyopia-related deficits selectively in the amplitude and latency of the ERP 
components. This was critical because neurophysiological research on strabismic cats suggests 
[151–153] that neuronal response latencies could be more variable in visual cortical neurons 
driven by the amblyopic eye, which would manifest itself in reduced amplitudes of the 
averaged ERP responses [154] and thus might account at least partly for the strong reduction 
of the averaged P1 amplitudes in previous studies [41, 96, 100, 101]. Furthermore, the current 
study was designed to be able to test whether ongoing oscillations at the time of stimulus onset 
differ between the stimulation of the amblyopic eye and fellow eye, since ongoing oscillations 
are known to affect evoked neural responses [155–157] and thus, could contribute to the 
amblyopic deficits measured in the ERPs. We recorded eye movements during the ERP 
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experiment to investigate the relationship between the stability of fixation and the ERP 
component amplitudes and latencies. This was important, because previous research suggested 
that decreased fixation stability exhibited by the amblyopic eye [158, 159] might modulate 
multi-focal VEP responses [116]. 
2. Materials and methods 
2.1. Subjects 
Nineteen amblyopic patients (five anisometropic, six had their right eye as the amblyopic eye, 
four left-handed, ten females, mean±sd age: 30±8 years) gave their informed and written 
consent to participate in the study, which was approved by the ethics committee of 
Semmelweis University. However, one of them had to be excluded due to his poor 
performance on the task with both eyes. All subjects were examined by an ophthalmologist 
and fitted with optimal correction Table 3.1 details their medical parameters. 
2.2. Visual stimuli and procedures 
Participants performed a two-alternative forced choice gender categorization task with 
morphed female/male face images. Detailed description of image processing can be found in 
[14]. The level of task difficulty was adjusted individually to achieve 80-90% accuracy in both 
eyes by choosing face pairs with different female/male content for the eyes (typically 25/75% 
and 5/95% gender content for the fellow and amblyopic eye, respectively; Figure 3.1A). On 
half of the trials, subjects were presented with noisy, decreased phase coherence face images 
[14], while on the other half of the trials subjects viewed 100% phase coherence images. In the 
current study, however, we will present and discuss only the results obtained with the 100% 
phase coherence face stimuli, while results obtained with the noisy faces will be presented 
elsewhere. Stimuli subtended 2 visual degrees, matching approximately the size of the fovea 
and were presented centrally on a uniform gray background. 
Each trial started with a cue, a brief change (100 msec) in color of the fixation dot 
followed by the face stimulus for 250 msec with a fixed SOA of 1350 msec on 80% of the 
total trials and 2350 msec on 20% of the trials. Subjects were instructed to pay attention 
following the cue and were explicitly told about the 1350 msec SOA. However, they were not 
informed about the extra 1 sec delay in 20% of the trials, which meant they always expected 
the faces 1250 msec following the cue. A response window of 2 sec was given, which 
terminated when the subjects responded. Trials were separated by a random ITI of 800–1200 
msec (Figure 3.1B) and a fixation point was present throughout the entire block. Viewing was 
monocular, alternated between blocks, while the other eye was patched.  
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Each participant completed four runs for each eye yielding 192 trials altogether for each 
stimulus type per eye and altogether 80 trials per eye where the face images where delayed. 
Stimulus presentation was controlled by MATLAB 7.1. (The MathWorks Inc., Natick, 
MA) using the Cogent 2000 toolbox (www.vislab.ucl.ac.uk/Cogent/) and were presented on a 
26” LG LCD monitor at a refresh rate of 60 Hz and were viewed from 56 cm. 
 
 
Figure 3.1. Stimuli and experimental protocol. (A) Typical gender composition of stimuli presented into 
the amblyopic (left panel) and fellow eye (right panel). (B) Experimental protocol, which shows the 
general stimulus sequence (upper panel) and those 20% of all trials where the face was presented later 
than expected (bottom panel). 
 
2.3. Electrophysiological acquisition and processing 
EEG data was acquired using a BrainAmp MR (Brainproducts GmbH., Munich, Germany) 
amplifier from 60 Ag/AgCl scalp electrodes placed according to the extended 10-20 
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international electrode system, mounted on an EasyCap (Easycap GmbH, Herrsching-
Breitbrunn, Germany) with four additional periocular electrodes placed at the outer canthi of 
the eyes and above and below the right eye for the purpose of recording the electrooculogram. 
All channels were referenced to joint earlobes online; the ground was placed on the nasion. All 
input impedance was kept below 5 kΩ. Data were sampled at 1000 Hz with an analog 
bandpass of .016–250 Hz and was re-referenced offline using a Laplacian transform on 
spherical spline interpolated data to generate scalp current density (SCD) waveforms. The 
SCD data is reference independent and displays reduced volume conduction eliminating raw 
EEG contamination from saccadic potentials [160], [138]. Moreover its peaks and troughs are 
sharper and larger than those of the original scalp potential [161], which makes it better suited 
for single-trial peak detection compared to raw surface potentials. Data was band-pass filtered 
from .1-30 Hz (using digital .1 Hz 12 dB/octave Butterworth Zero Phase high-pass filter, 30 
Hz 24 dB/octave low-pass filter, and 50 Hz notch filter), segmented, artifact rejected and 
baseline corrected in a 200 msec pre-stimulus window directly preceding the presentation of 
the stimulus in the case of ERP analysis and preceding the expected presentation of the face in 
the case of the wavelet analysis. 1000 msec long epochs (-200 – 800 msec relative to stimulus) 
were used for creating the trial-averaged event-related potentials and for single trial peak 
analysis. On the other hand, to detect a possible baseline oscillation difference between 
amblyopic and fellow eyes a single-trial wavelet analysis was performed on 3000 msec long 
data segments starting from the presentation of the cue (i.e. -1350 to 1650 msec relative to the 
expected stimulus onset) on the 2350 msec cue-face SOA trials. Thus, no evoked potentials 
were present that could affect the wavelet transform of the baseline period due to the large 
window length of lower frequencies. Data processing was done using BrainVision Analyzer 
(Brainproducts GmbH., Munich, Germany), while time-frequency spectrum was calculated 
using Matlab’s cmor function over the frequency range of 1-30 Hz with a bandwidth of 1 Hz, 
and central frequency of also 1 Hz. 
2.4. Statistical analysis 
Accuracy, RTs for correct trials, and visual acuity (VA) as expressed in logMAR values 
obtained at a distance of 6 m with the best refractive correction were analyzed as behavioral 
measures. On both the averaged and single-trial ERPs, P1 and N170 component peaks were 
detected and analyzed on electrode-clusters (PO7, PO9, P7, and P9, and PO8, PO10, P8, and 
P10 for left and right clusters, respectively). In the case of average ERPs peak latency was 
determined individually on pooled electrodes from left and right clusters separately, while 
mean peak amplitudes were measured over the individual electrodes of the clusters in a 10 
msec window centered on the peak latencies. In the case of the single-trial peak detection, 
minima and maxima for P1 and N170, respectively, were detected on each trial for each 
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electrode in a 100 msec time window centered on the individual peak latency of the respective 
component measured on the averaged ERPs. The amplitude and corresponding time of the 
extrema were taken as the amplitude and latency of the component on the given trial. The trial 
was rejected if the detected extrema was located at the beginning or end of the time window. 
The single trial amplitude and latency values were pooled from the four electrodes on each 
side and the distribution of the values was characterized by calculating the median and the 
interquartile range (IQR), which is a measure of spread and is computed as the difference of 
the upper and lower quartile of the data, and thus describes the middle 50% of the data values. 
For the P1-N170 peak-to-peak analysis N170 – P1 latency difference was calculated on a trial-
by-trial basis and the distributions were characterized as above. To characterize ongoing 
oscillations log power and phase concentration (kappa) was computed – the latter using the 
circStat Matlab toolbox [162] – in the delta, theta and alpha frequency bins by pooling data 
from 2-3, 4-7 and 8-12 Hz, respectively. 
The above measures were compared using mixed-effects ANOVAs with eye (fellow: 
FE vs. amblyopic: AE), side (L vs. R), electrode – only in the case of averaged ERP 
amplitudes –, and frequency (delta vs. theta vs. alpha) – only in the case of wavelet results – as 
within-subject factors and etiology (anisometropia vs. strabismus) as a between-subject factor 
using Tukey HSD tests for post-hoc comparison. Greenhouse-Geisser correction was applied 
to correct for possible violations of sphericity where the levels of a within-subject factor 
exceeded two. In the case where the assumption for homogeneity of variances was not met due 
to the higher variance of measurements from the AE, values were first rank transformed 
before being entered into the statistical test, which is noted by rANOVA (rank ANOVA) when 
detailing statistical results. 
We also assessed the relationship between the interocular changes in median/IQR of 
the distributions, ERP peak amplitudes/latencies and the interocular visual acuity using 
Pearson correlation. For use in the correlation analysis we calculated the difference of the 
measures derived from the amblyopic and the fellow eye in a way that positive values meant 
amblyopic deficit, the larger the difference, the bigger the deficit. Latency and amplitude 
measures can be treated as independent, while measured values over the different hemispheres 
and different measurements derived from latency/amplitude are strongly dependent on each 
other. Therefore, the significance threshold was set to p=.025 (pBonf =.05) to correct for the 
multiple comparisons problem. 
2.5. Analysis of eye tracking data 
We tracked the gaze direction of all subjects while they performed the EEG experiment. 
However, we were able to record useable eye movement data only for ten patients due to the 
strong reflection of glasses that many were wearing. Eye-gaze direction was assessed using a 
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summary statistic approach. Trials were binned based on the viewing eye and mean eye 
position (x and y values) was calculated for periods when the face stimulus was present on 
each trial. From each of the two eye-gaze direction dataset, spatial maps of eye-gaze density 
were constructed. The root mean squares (RMS) of the density values for these maps were 
computed [163], as a measure of fixation stability, higher RMS values meaning less stable 
fixation. Unfortunately, out of the ten patients only two were anisometropic. Therefore, we 
could not analyze the data with etiology as a factor and entered them into a paired Student’s t-
test instead. 
3. Results 
3.1. Behavioral results 
Based on pilot sensitivity measures the gender difference between female and male stimuli 
was adjusted separately for the amblyopic and fellow eye in each observer to achieve similar 
gender categorization performance in the two eyes. As a result of this, accuracy (medianSD: 
894 % and 8711 % for FE and AE, respectively) did not differ between eyes (rANOVA, 
main effect of eye: F(1,16)=2.66, p=.12). Reaction times to correct trials (medianSD: 77653 
msec and 79682 msec for FE and AE, respectively) were also not significantly different 
between the two eyes (main effect of eye: F(1,16)=1.92, p=.19). Furthermore, there was no 
significant difference between the strabismic and anisometropic amblyopes for either measure 
(eye × etiology interaction: F(1,16)=2.15, p=.16 and F(1,16)=.02, p=.90 for accuracy and RT, 
respectively) and their average optotype visual acuity (VA) also did not differ significantly 
(Mann-Whitney U-test: Z(N1=13,N2=5)=-1.28, p=.20). These behavioral results imply that the 
amblyopic effects found on the ERP responses cannot be explained based on differences in 
overall task difficulty between the amblyopic and the fellow eye. 
3.2. Amblyopic effects on the averaged ERP responses 
The results revealed strong amblyopic effects on the amplitude and latency of the P1 and 
N170 components of the event-related potentials. Viewing with the amblyopic eye resulted in 
reduced amplitudes (rANOVA, main effect of eye: F(1,16)=17.43, p=.0007 and F(1,16)=22.85, 
p=.0002 for the components P1 and N170, respectively) compared with the fellow eye for both 
ERP components (Figure 3.2). The interocular difference in the amplitudes of both P1 and 
N170 components was similar over the two hemispheres (no eye × side interaction: all F≤.74, 
p≥.40), even though amplitudes were larger over the right compared to the left hemisphere, 
which was significant in the case of N170 but remained only a non-significant trend for P1 
(rANOVA, main effect of side: F(1,16)=3.90, p=.066 and F(1,16)=7.21, p=.016 for P1 and N170, 
respectively), irrespective of the eye of stimulation. 
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Figure 3.2. Results of the averaged event-related potentials. (A) Averaged waveforms of the ERPs to 
faces. (B) Statistical analysis of the amplitude and latency of components P1 (left panel) and N170 
(right panel). The fellow and amblyopic eye is displayed in black and grey, respectively. Results of the 
statistical analysis may seem to differ from the effect displayed on the averaged waveforms, which is 
due to subjects showing smaller amblyopic effects (i.e. larger amplitudes from AE) being 
overrepresented in the mean waveform. Error bars indicate SEM (N=18, *p<.05, ***p<.001). 
 
Amblyopic viewing also resulted in increased latencies relative to stimulation of the 
fellow eye in both components (rANOVA, main effect of eye: F(1,16)=35.93, p<.0001 and 
F(1,16)=41.58, p<.0001 for the components P1 and N170, respectively). Importantly, the 
amblyopic effects on the response latencies differed in the case of the two ERP components. 
Interocular difference in N170 latency was significantly larger over the right hemisphere (31 
msec) than over the left hemisphere (20 msec) (rANOVA, eye × side interaction: F(1,16)=8.46, 
p=.01), whereas no hemispheric asymmetry was found in case of the latency of the P1 
component (22 and 20 msec for right and left hemispheres, respectively; rANOVA, eye × side 
interaction: F(1,16)=.02, p=.88) (Figure 3.2B). These results suggest that – in addition to the 
delayed onset of the neural responses in the amblyopic eye, reflected in the increased latency 
of the P1 component – there might be a right hemisphere specific deficit in the temporal 
development of the higher level face-specific neural processes reflected in the N170 
component. To directly test this possibility, we compared the temporal intervals between the 
P1 and N170 peaks in the amblyopic and fellow eyes by subtracting P1 latencies from N170 
latencies. A significant eye × side interaction (rANOVA F(1,16)=5.38, p=.034) revealed 
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significantly longer peak-to-peak latencies in the amblyopic eye compared to the fellow eye 
over the right hemisphere only (p=.018, 57 vs. 65 msec for fellow and amblyopic eye, 
respectively), while there was no significant difference between peak-to-peak latency over the 
left hemisphere (p=.99, 60 vs. 61 msec for fellow and amblyopic eye, respectively). The 
amblyopic effects on the P1 and N170 amplitudes and latencies were similar in the case of 
strabismic and anisometropic patients (no significant eye × etiology interaction: all F≤1.62, 
p≥.22). 
It is important to note, that even though we conducted all analyses on SCD 
transformed data instead of the average-referenced potential that is more conventional in 
clinical and research studies, all of the main findings of the averaged event-related potential 
analysis hold true for the average-referenced data as well (Figure 3.3). 
 
 
Figure 3.3. Results of the average-referenced mean event-related potentials. (A) Averaged waveforms 
of the ERPs to faces. (B) Statistical analysis of the amplitude and latency of components P1 (left panel) 
and N170 (right panel). The fellow and amblyopic eye is displayed in black and grey, respectively. 
Error bars indicate SEM (N=18, *p<.05, **p<.01, ***p<.001). 
 
We also tested whether there was any correlation between the interocular difference in 
optotype acuity (VA) of our participants and the strength of the amblyopic effects on the P1 
and N170 components. Significant correlation was found between the interocular VA and the 
interocular latency difference in the case of both P1 and N170 components over the right 
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hemisphere: subjects with bigger VA difference between eyes had more delayed ERP 
responses from the amblyopic compared with the fellow eye in the right hemisphere (r=.56, 
p=.015 and r=.61, p=.008 for P1 and N170, respectively). However, no correlation was found 
between the VA and the left hemisphere latency of the P1 and N170 or the VA and the 
amplitude of the ERP components (all r≤.40 p≥.097). Furthermore, VA difference also did not 
correlate with the peak-to-peak latency differences of P1-N170 in either hemisphere (r=.23, 
p=.35 and r=-.08, p=.75 for left and right hemisphere, respectively). 
3.3. Amblyopic effects differ on trial-by-trial latency and amplitude 
Single trial analysis of the P1 and N170 peak distributions revealed a much more refined 
pattern of amblyopic deficits compared to those of the averaged ERP analysis (Figure 3.4). We 
found significant interocular difference in amplitude distributions only in the case of the N170 
component: amplitude median and spread was reduced in the case of the amblyopic eye 
compared to the fellow eye (rANOVA, main effect of eye: F(1,16)=7.06, p=.017 and ANOVA, 
main effect of eye: F(1,16)=.54, p=.47 for amplitude median and IQR, respectively). In the case 
of the P1 amplitudes a similar amblyopic effect was present only as a non-significant trend 
(rANOVA, main effect of eye: F(1,16)=3.86, p=.067 and F(1,16)=3.52, p=.078 for amplitude 
median and IQR, respectively). Furthermore, the amblyopic effects on the ERP amplitudes 
differed between the strabismic and the anisometropic group (Figure 3.5). The N170 
amplitude distributions in the amblyopic eye differed from those in the fellow eye only in the 
strabismic but not in the anisometropic patients. Moreover, this interocular amplitude median 
difference in the strabismic group was more pronounced over the right hemisphere, though 
also present in the left hemisphere (rANOVA, eye × side × etiology interaction: F(1,16)=9.5, 
p=.007; post hoc FE vs. AE p=.029 and p=.0002 for strabismic and p=.19 and p=.99 for 
anisometropic patients over the left and right HS, respectively). In contrast to the N170 
component, amplitude distributions of the P1 component were shifted towards smaller 
amplitudes and had smaller spread when faces were presented in the amblyopic eye of the 
anisometropic but not of the strabismic patients (rANOVA, eye × etiology interaction: 
F(1,16)=5.28, p=.035; post hoc FE vs. AE: p=.05 and p=.98 for the anisometropic and strabismic 
group, respectively for amplitude median; rANOVA, eye × etiology interaction: F(1,16)=11.35, 
p=.004; post hoc FE vs. AE: p=.032 and p=.51 for the anisometropic and strabismic group, 
respectively for amplitude IQR). 
Thus, the results of the single trial analysis revealed much more moderate amblyopic 
effects on the amplitude distributions than expected based on the results of the analysis of the 
averaged ERP amplitudes as well as showed that they differ between strabismic and 
anisometropic amblyopes. These inter-group differences could not have been detected by 
analyzing the averaged ERP responses, even though they were present as slight trends which 
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were far from being significant (eye × etiology interaction: F(1,16)=1.62, p=.22 and F(1,16)=1.20, 
p=.29 for P1 and N170 averaged ERP amplitudes). It is important to note, however, that the 
size of the two patient groups differed in the present experiment (N=5 and N=13 for 
anisometropic and strabismic patients, respectively). This implies that the lack of amblyopic 
effects on the N170 amplitude medians in the case of the smaller anisometropic patient group 
could stem from insufficient statistical power. The difference in group size is less of a concern 
in the case of the inter-group difference in amblyopic effects found in the P1 amplitude 
distributions as null results were obtained in the larger strabismic patient group. To test 
whether the group difference in the amblyopic effects on the N170 amplitude medians could 
be accounted for by the reduced statistical power in the case of the smaller anisometropic 
patient group, we conducted a non-parametric bootstrapping procedure. We created a 
distribution of effect size by conducting ANOVAs on all possible combinations of five 
strabismic patients and compared the F-values (main effect of eye) we obtained by analyzing 
the anisometropic patients alone against this distribution. Decreasing the size of the strabismic 
group to five did indeed result in a drop of statistical power. Only about ¼th of the patient 
combinations resulted in significant interocular N170 amplitude median differences (Figure 
3.6). Importantly, however, there was no overlap between the F-value found in the five 
anisometropic patients and the values of the strabismic distribution, i.e. all of the F-values 
were larger than that of the anisometropic patients. Thus, the probability – obtained from this 
non-parametric test – that the anisometropic F-value comes from the strabismic distribution is 
p=0, supporting the possibility that N170 amplitude medians are differently affected in the two 
groups.  
Analysis of the peak latency distributions revealed a significant shift towards longer 
latencies and an increased spread in the amblyopic compared to the fellow eye in the case of 
both P1 (rANOVA, main effect of eye: F(1,16)=43.01, p<.0001 and ANOVA main effect of eye: 
F(1,16)=23.12, p<.0001 for latency median and IQR, respectively) and N170 components 
(rANOVA, main effect of eye: F(1,16)=44.78, p<.0001 and ANOVA, main effect of eye: 
F(1,16)=22.05, p=.0002 for latency median and IQR, respectively). There was no difference in 
the amblyopic effects on latency distributions between the strabismic and anisometropic 
groups for either component (no eye × etiology interaction: all F≤.85, p≥.37). Importantly, the 
results of our single trial analysis, showing that neuronal response latencies are much more 
variable in the amblyopic eye compared to the fellow eye imply that a major part of amblyopic 
effects found on the P1 and N170 amplitudes in the averaged ERP analysis in the current study 
– and most probably the strong decrease of P1 amplitudes of averaged VEP responses found in 
previous studies [41, 96, 100, 101] – are due to the increased latency jitter of the neural 
responses in amblyopia. 
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Figure 3.4. ERP images, amplitude and latency distributions of single trial responses. (A) ERP images 
of single trial responses from the fellow (left panel) and amblyopic eyes (right panel) of all 18 subjects 
pooled and averaged from P7, P8, P9, P10, PO7, PO8, PO9, PO10 and sorted according to the detected 
N170 latency (black line). x-axis: time in ms, y-axis: individual EEG traces, colors represent amplitude 
values. Evoked responses in the amblyopic eye are less time-locked, which is indicated by the smaller 
slope of the sorted latencies. (B) Histograms of the amplitude and latency distributions of both eyes 
along with their 2D density plots of components P1 (left panel) and N170 (right panel) showing a higher 
inter-trial variability of component latencies arising from stimulation of the amblyopic eye compared 
with the fellow eye. Black and grey bars correspond to fellow and amblyopic eyes, respectively and 
histograms and density plots are averaged over subjects (N=18). 
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Figure 3.5. Face specific amblyopic deficits. (A) Amplitude medians of P1 and N170 components split 
into anisometropic (displayed on the left, N=5) and strabismic (displayed on the right, N=13) groups. 
There was significant interocular difference in P1 amplitude medians only in the anisometropic, while 
in N170 amplitude medians only in the strabismic group. (B) P1-N170 peak-to-peak latencies split into 
groups, showing significantly bigger interocular difference over the right hemisphere in both groups (as 
indicated by the lack of eye × etiology interaction F(1,16)=1.68, p=.21), even though the difference did 
not reach the significance level in the case of the anisometropic group due to a lack of statistical power 
(p=.18). Error bars indicate SEM (*p<.05, ***p<.001). 
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Figure 3.6. Distribution of effect size for main effect of eye obtained from analyzing all possible 
combinations of five strabismic patents The F-values for main effect of eye in the anisometropic patient 
group are shown in red with red arrows, while the F-value corresponding to the α=0.05 parametric 
significance threshold (F(1,4)=7.71, p=.05) is shown with black arrows. 
 
The results of the analysis on averaged ERPs revealed hemispheric asymmetry in the 
amblyopic effect on N170 peak latencies, suggesting slower or additional face-related 
processing over the right hemisphere in amblyopia. Directly comparing processing times 
between peaks P1 and N170 on a single-trial level (Figure 3.5B), the amblyopic eye displayed 
significantly longer peak-to-peak latencies compared with the fellow eye (rANOVA, main 
effect of eye: F(1,16)=6.48, p=.017 for peak-to-peak latency median). However, a significant 
eye × side interaction (F(1,16)=8.33, p=.010) revealed this in fact was only true over the right 
hemisphere (p=.0002; meanSE: 58.31.6 vs. 69.63.1 msec for fellow and amblyopic eye, 
respectively), while the difference between peak-to-peak latency medians over the left 
hemisphere did not reach the significance level (p=.12; 61.92.0 vs. 66.12.4 msec for fellow 
and amblyopic eye, respectively). This pattern of larger difference over the right hemisphere 
was true for both amblyopic groups (no eye × side × etiology interaction: F(1,16)=.31, p=.58). 
Importantly, in agreement with the results of the averaged ERP component analysis, it was 
found that both P1 and N170 latency medians in the right hemisphere were positively 
correlated with the VA (Figure 3.7A): the more delayed the ERP components were in the 
amblyopic eye compared to that of the fellow eye, the larger the interocular differences in VA 
were (r=.57, p=.013 and r=.61, p=.008 for P1 and N170, respectively). Interocular VA, 
however, did not correlate with the interocular difference in peak-to-peak amplitude of P1-
N170 (Figure 3.7B) (r=.26, p=.30 and r=.22, p=.38 for left and right HS, respectively). 
Furthermore, no correlation was found between VA and the latency medians of the P1 and 
N170 components over the left hemisphere and between VA and the amplitude medians of the 
P1 and N170 component (Figure 3.7C) over either of the two hemispheres (all r≤.37 p≥.12). 
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Figure 3.7. Pearson correlations of interocular visual acuity with (A) P1, N170 latency medians, (B) P1-
N170 peak-to-peak latency medians and (C) P1, N170 amplitude medians over the right hemisphere 
only, derived from the single-trial analysis. 
 
3.4. Results of the analysis of the ongoing oscillations 
To test the possibility that difference in the amplitude or phase of ongoing oscillations at the 
time of stimulus onset between the stimulation of the amblyopic eye and fellow eye might 
contribute to the amblyopic deficits measured in the ERP responses we analyzed the wavelet 
transform of the electrophysiological signal from those 20% of trials, where presentation of 
the face stimulus was delayed by 1 sec. We calculated kappa as the phase concentration 
measure of all trials at the time of the expected stimulus onset for three frequency bands that 
are known to affect the evoked response: delta (2-3 Hz), theta (4-7 Hz) and alpha (8-12 Hz). 
Strength of the oscillations was characterized as the log mean power at the time of the 
expected stimulus. ANOVA on ranked kappa data revealed no concentration differences 
between eyes (Figure 3.8A) (F(1,16)=.68, p=.41), which was the case for both amblyopic groups 
(eye × etiology interaction: F(1,16)=1.89, p=.19). There was also no difference between 
frequencies or hemispheres and no interaction between these variables (all F≥1.35 p≤.26). 
Analysis on ranked power data also showed no significant difference between eyes (Figure 
3.8B) (F(1,16)=1.34, p=.26) irrespective of etiology (eye × etiology interaction: F(1,16)=.44, 
p=.52). The lack of differences in ongoing oscillations at the time of stimulus onset between 
the stimulation of the amblyopic eye and fellow eye implies that the amblyopic deficits found 
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in the current study are caused primarily by the impairment of the neural processes underlying 
generation of evoked visual cortical responses. 
 
 
Figure 3.8. Characterization of baseline oscillations. (A) Phase concentration values as indexed by 
kappa in three frequency bins (delta: 2-3 Hz, theta: 4-7 Hz, alpha: 8-12 Hz) that are known to affect 
evoked responses. (B) Mean log power of the three frequency bins. There was significant difference 
only between frequencies (F(2,32)=16.78, pG-Gadj=.0002) (post-hoc t-tests: p=.0008, p=.0001 and p=.074 
for T vs. D, T vs. A and D vs. A, respectively), as expected based on the general characteristics of the 
EEG signal [154]. Both kappa and power values were calculated at the time of expected face onset, 
while faces were presented only a second later. Error bars indicate SEM (N=18, ***p<.001). 
 
3.5. Results of the eye-tracking analysis 
The results revealed that in agreement with previous findings [116, 158, 159] fixations were 
more stable in the case of the fellow eye as compared to the amblyopic eye (Figure 3.9A) 
(t(9)=-2.65, p=.028). We also tested whether there is a relationship between fixation stability 
and VA, amplitude and latency of the ERP components. Although, the results revealed that 
subjects with larger interocular fixation stability difference tended to have higher interocular 
VA difference, this trend failed to reach the significance level (r=.54, p=.10). On the other 
hand, there was a significant correlation between the magnitude of the interocular difference in 
fixation stability and in latency median of the P1 and N170 components over the right 
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hemisphere (Figure 3.9B) (r=.70, p=.024 and r=.71, p=.021 for P1 and N170, respectively). 
However, we found no correlation between the fixation stability and interocular amplitude 
median difference in the case of either component (all |r|≤.35 p≥.31). These results suggest 
that there might be a functional relationship between the amblyopic deficits in fixation 
stability and the delayed onset of neural responses in amblyopia. 
 
 
Figure 3.9. Fixation stability of the fellow and amblyopic eyes. (A) Gaze-density plots of a typical 
subject (S3). The circle indicates the spread of the stimulus. (B) Group differences in fixation stability; 
black: FE, gray: AE. (C) Correlation of the root-mean-square (RMS) of fixation positions with 
interocular visual acuity (VA) difference. Error bars indicate SEM (N=10, *p<.05). 
 
3.6. Average-referenced mean ERP responses show similar amblyopic effects 
To facilitate comparison between this and most clinical studies, we conducted the peak 
analysis on average referenced mean ERPs as well. However, to do this we chose slightly 
different electrode clusters compared to analyses of the Laplace transformed data, since this 
later transform can change the whole spatial distribution to emphasize local difference in peak 
topography. The cluster alteration only concerned electrodes for P1, for which we chose the 
more conventional cluster of electrodes PO7, PO9, O1, and O9 and PO8, PO10, O2, and O10, 
while we kept electrodes P7, P9, PO7, and PO9 and P8, P10, PO8, and PO10 for analyzing the 
N170 component. 
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The results revealed equally strong amblyopic effects on the amplitude and latency of 
the P1 and N170 components as obtained when analyzing the SCD data (Figure 3.3). Viewing 
with the amblyopic eye resulted in reduced amplitudes (main effect of eye: F(1,16)=10.44, 
p=.0052 and F(1,16)=8.95, p=.0086 for the components P1 and N170, respectively) and 
increased latencies (main effect of eye: F(1,16)=26.8, p<.0001 and F(1,16)=49.77, p<.0001 for the 
components P1 and N170, respectively) compared with the fellow eye for both ERP 
components. The amblyopic effects on the P1 and N170 amplitudes and latencies were similar 
in the case of strabismic and anisometropic patients (no significant eye × etiology interaction: 
all F≤1.90, p≥.19). The interocular difference in N170 latency remained larger over the right 
hemisphere (29.6 ms) than over the left hemisphere (24 ms), however it just failed to reach 
significance (eye × side interaction: F(1,16)=4.42, p=.052), whereas no hemispheric asymmetry 
was found in the case of the latency of the P1 component (23.7 and 22 ms for right and left 
hemispheres, respectively; eye × side interaction: F(1,16)=.31, p=.58). The direct P1-N170 peak-
to-peak latency measure also only showed a strong trend for this asymmetry (eye × side 
interaction: F(1,16)=3.81, p=.069; 56.5 vs. 62.5 ms, for FE and AE, respectively over the right 
and 57.6 vs. 59.5 ms, for FE and AE, respectively over the left hemisphere). 
 
4. Discussion 
The results revealed that both the strength and the temporal structure of higher-level, object 
specific visual cortical responses, reflected in the N170 component of the ERP responses 
evoked by face stimuli (for review see [147], are altered in amblyopia and that the amblyopic 
effects on the amplitude of the N170 component differ between strabismic and anisometropic 
patients. We also showed that these object specific visual cortical processing deficits cannot be 
explained by differences in ongoing oscillations between the stimulation of the amblyopic eye 
and fellow eye or by the amblyopic effects present already on the earlier P1 component of the 
evoked ERP responses. 
 It has been suggested that neural processing of the visual information coming from the 
amblyopic eye is delayed as compared to that originating from the fellow eye [110, 151, 153]. 
In fact, delayed onset of the visual cortical responses, reflected in the increased latency of the 
P1 component was a consistent finding of previous human neurophysiological research in [41, 
96, 100, 101]. In agreement with this, in the current study we found that the latencies of both 
P1 and N170 components are strongly increased in the amblyopic compared to the fellow eye. 
More importantly, however, we also showed that in the case of the amblyopic eye P1-N170 
peak-to-peak latency in the right hemisphere is significantly larger than that in the left 
hemisphere, whereas there was no hemispheric difference in P1-N170 peak-to-peak latency in 
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the case of the fellow eye. Furthermore, the magnitude of P1-N170 peak-to-peak latency in the 
left hemisphere during stimulation of the amblyopic eye was similar to that in the fellow eye. 
Thus, the amblyopic increase of the P1-N170 peak-to-peak latency in the right hemisphere 
provides evidence that higher-level face specific neural processes generating the right 
hemisphere N170 component evolve more slowly in the amblyopic eye than in the fellow eye. 
The right hemispheric lateralization of the amblyopic deficit in the temporal development of 
the N170 component is in agreement with the results of previous research showing strong right 
hemisphere dominance in face processing [132, 164–166]. 
 The results also revealed that in strabismic patients the strength of the higher-level, 
object specific visual cortical responses reflected in the N170 amplitudes are reduced in the 
amblyopic eye compared to the fellow eye. Importantly, the observed amblyopic effect on the 
N170 amplitudes cannot be explained by an overall reduction in the strength of neural 
responses throughout the visual processing hierarchy in the case of stimulating the affected 
eye. This is supported by the facts that we found no interocular differences in P1 amplitudes in 
strabismic amblyopes and that the amblyopic N170 amplitude reduction – in accordance with 
the well known right hemisphere dominance of face processing [132, 164–166] – was stronger 
over the right than over the left hemisphere. Previous research showed that the face-related 
N170 ERP component dominantly originates from a network of face-specific visual cortical 
areas of the occipito-temporal cortex, including the fusiform face area (FFA) [148–150]. Thus, 
the reduction of N170 amplitudes in strabismic patients found in the current study is in 
agreement with the previous neuroimaging results, showing decreased fMRI responses in face 
responsive visual cortical areas in amblyopia [102, 114]. However, it is important to note that 
in case of the previous fMRI studies it is not known whether the observed amblyopic effects 
originate from the deficits associated with the anticipatory, early evoked or late sustained 
neural processes, which are integrated in the fMRI responses. Therefore, the amblyopic effects 
found on the N170 component in the current study represent the first evidence for neural 
deficits in the higher-level face related evoked visual cortical responses in amblyopia. 
Furthermore, it is reasonable to assume that similar amblyopic deficits might also be present in 
the higher-level visual cortical responses to other object categories and would be reflected in 
the N1 components of the ERP responses. This is supported by previous results showing 
decreased fMRI responses to foveally presented line drawings of common objects in higher-
level visual cortical areas in amblyopia [102, 114]. 
 Intriguingly, the results of the current study suggest that differential neural 
dysfunctions might underlie the amblyopic effects on the strength and on the onset of the 
visual cortical responses. First, amblyopic deficits differ between the strabismic and 
anisometropic patients only in amplitudes but not in the latencies of ERP components, 
suggesting that the strength but not the timing of neural responses might be differentially 
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affected depending on the cause of amblyopia. Second, the magnitude of the amblyopic effect 
on the latencies but not on the amplitudes of ERP components correlates with the interocular 
difference in optotype acuity as well as with the fixation stability of the patients independently 
of the etiology. Interestingly, the existence of two different components of amblyopic effects 
has also been suggested by the results of a recent fMRI study [167] showing that behavioral 
acuity deficits correlate only with the amblyopic effects measured on the strength of functional 
connectivity between visual cortical and subcortical regions but not with the amblyopic 
decrease of the BOLD responses in these regions. Based on these results it is tempting to 
speculate that fMRI response strengths and ERP amplitudes on the one side and functional 
connectivity measured with fMRI and ERP response latency on the other side might reflect 
two dissociable components of neural dysfunctions in amblyopia. 
 Our results also show that the neural deficits might differ based on the etiology of the 
amblyopia, although this study was not specifically designed to investigate inter-group 
differences and further experiments with equal group sizes are needed to corroborate these 
findings. The two most prevalent amblyogenic factors are unequal interocular refractive error 
(resulting in anisometropic amblyopia) and ocular deviation (leading to strabismic amblyopia). 
Both types of amblyopia show a selective decrease in foveal vision [35], however, tests of 
contrast sensitivity also indicate some peripheral field visual deficits [50]. The deficit is 
generally more limited to central vision in strabismic amblyopia [51], which is thought to be 
similar to peripheral vision, compared to anisometropic amblyopia, which is like blurred 
normal foveal vision [52, 53]. This distinction is in agreement with the differential effect of 
flankers in anisometropic and strabismic amblyopes in visual crowding experiments [36, 52, 
54]. Nevertheless, there is no clear understanding or consistent difference found between these 
two types of amblyopia in the neuroimaging and neurophysiology literature. There is evidence 
that using checkerboard patterns calcarine activity was most suppressed for high spatial 
frequency stimuli in anisometropic patients, while in strabismics it was most reduced for low 
frequency patterns [55, 56]. On the other hand, the fMRI study by Conner and colleagues [57] 
has failed to differentiate anisometropic and strabismic subtypes based on fMRI activation 
levels in retinotopic maps of V1 and V2, while animal studies of contour/motion integration 
and form detection also found similar deficiencies for the amblyopic eyes of both strabismic 
and anisometropic monkeys [58, 59] Kiorpes and colleagues [60] in a macaque study also 
found that physiological changes associated with amblyopia were related to the severity, not 
the etiology, of the visual losses. Our results showing different patterns of amplitude median 
decrease in the two groups imply that single-trial analysis of event-related potentials can be a 
sensitive and powerful research tool for further studies to directly investigate the differences in 
neural deficits between anisometropic and strabismic amblyopes. 
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C h a p t e r  F o u r  
AMBLYOPIC DEFICIT BEYOND THE FOVEA 
1. Motivations 
Traditionally, amblyopia has been regarded as a disorder limited to the central retina [108], 
even though there exist studies that question this notion [50, 109]. As the results collected over 
some four decades are equivocal, no consensus has been reached so far how the peripheral 
visual field is affected in amblyopia. Today only strabismic amblyopia is considered a deficit 
primarily of central vision as early psychophysical investigations found that contrast detection 
threshold [51], acuity [124–126] and binocular interactions [127] are similar between the two 
eyes from eccentricities of 20˚ on. This is in agreement with macaque single unit recording 
[60] and human fMRI studies [114] that also found no peripheral interocular differences in 
strabismic amblyopia. On the contrary, other studies investigating both strabismic and 
anisometropic amblyopes have shown decreased sensitivity of the amblyopic eye in the 
periphery for motion detection and discrimination [109] and contrast detection [50] in the 
eccentricity range of 10-30deg. The extent of the amblyopic loss in the periphery in both 
experiments was related to the degree of foveal loss rather than the type of amblyopia. 
Electrophysiological studies have also lead to different results concerning the 
periphery in amblyopia. Full-field pattern-reversal visual evoked potential (VEP) studies [101, 
110] support the dominantly central deficit in amblyopia based on the lack of interocular 
difference when using large check sizes (>60’), where response are thought to predominantly 
arise from neurons processing the periphery of the visual field [101, 111–113]. Stimulation of 
the amblyopic eye with small check sizes (<30’), on the other hand, which preferentially 
activates the foveal area [101, 111–113] as it only elicits measurable VEP responses up to 2-4 
degrees eccentricity [111], yield drastically reduced and delayed VEP responses. Similar 
divergence is obtained in studies using small central and large annular stimuli for the 
stimulation of the fovea and perifovea, respectively [114, 115]. As opposed to full-field VEP, 
the multifocal VEP (mfVEP) technique is capable of directly investigating peripheral 
processing by stimulating the visual field at different eccentricities. These studies, on the other 
hand, tend to find amplitude and latency differences at the perifoveal region as well as the 
fovea, even though smaller in size [116–118]. 
Therefore, our primary goal in this study was to investigate cortical processing of the 
amblyopic eye outside the foveal area by scaling the stimulus size, thus, keeping the 
stimulated area of the visual cortex constant at different eccentricities. In a separate 
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experiment we also investigated this issue using large annular stimuli, which ignore cortical 
magnification. We hypothesized that if amblyopic deficits exist outside the fovea, controlling 
for cortical magnification could reveal interocular differences, which might otherwise be 
masked by large full-field stimulation [50, 114]. We utilized single-trial peak detection to 
uncover the nature of the deficits found. To rule out the possibility that the amblyopic effects 
are simply due to the loss of higher spatial frequencies as a result of decreased acuity – a 
phenomenon inevitably occurring during amblyopic viewing and known to affect ERP 
components [113, 168] – we measured ERPs to low-pass filtered stimuli as well. 
2. Materials and methods 
2.1. Subjects 
Fifteen (Exp.1; mean±sd age: 28±7 years) and fourteen amblyopic patients (Exp.2; mean±SD 
age: 37±10 years) gave their informed and written consent to participate in the study, which 
was approved by the ethics committee of Semmelweis University and was in accordance with 
the Declaration of Helsinki. All subjects were examined by an ophthalmologist and fitted with 
optimal correction. Inclusion criteria for amblyopic patients were the following: best corrected 
visual acuity of the fellow eye of 20/20 or better, best corrected visual acuity of the amblyopic 
eye in the range of 20/25 – 20/200 with no ocular organic abnormalities present (except for 
refraction error or squint). Table 4.1 details their medical parameters.  Experiment 2 was also 
conducted on fourteen healthy control subjects (seven females, mean±SD age: 26±4 years), 
medication free with no history of neurological or ophthalmologic diseases. All of them had 
normal or corrected-to-normal visual acuity and gave their informed and written consent to 
participate in the study, which was approved by the ethical committee of Semmelweis 
University and followed the tenets of the Declaration of Helsinki. 
Eye dominance of normal subjects was determined using a variation of the Dolman 
method also known as the "hole-in-the-card test". The subject was given a CD with a small 
hole in the middle, instructed to hold it with both hands and then instructed to view a distant 
object (the experimenter nose) through the hole with both eyes open. The eye that the 
experimenter saw through the hole corresponded to the dominant eye of the subject. The 
procedure was repeated ten times to confirm dominance. The dominant eye of amblyopic 
patients corresponds to their non amblyopic eye. 
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Table 4.1. Clinical details of amblyopic patients in Experiment 1 and 2. The rightmost column indicates 
the experiment the given subject took part in. Visual acuity is given both in Snellen fraction and in 
LogMAR units in parentheses (RE: right eye, LE: left eye). 
 
2.2. Visual stimuli and procedures 
In Experiment 1 participants viewed face images tilted 5˚ to the right or left from the vertical 
meridian. Six black and white face photographs (three male and three female) were taken from 
our face database and cropped to 254×254 pixels, covered with a circular mask to eliminate 
external facial features and equated for luminance and contrast. The faces were either 
displayed without further manipulation, containing a broad spatial spectrum (Br), or low-pass 
filtered at 3 cycles/image (Lo) using the Image-J tool [169] (Figure 4.1A). The high frequency 
cut-off for the low-pass filter was chosen to exclude spatial frequencies higher than 1.5 cpd in 
the case of foveal stimuli (2˚), as contrast sensitivity of the amblyopic eye at 1.5 cpd assessed 
by the Sine Wave Contrast Test was found to be in the normal range for all of our subjects 
(Figure 4.1C). We chose faces for stimuli as opposed to the more conventional checkerboard 
or sine wave grating/Gabor patch stimuli for the following reasons: i) they are natural, 
ecologically valid stimuli better suited to investigate processing deficits that limit amblyopic 
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patients in real life. ii) We could control their spatial frequency content just as well as using 
Gabor patches, by filtering out unwanted frequencies. iii) We have prior knowledge about the 
validity of our single-trial peak detection approach on the event-related potentials evoked by 
faces: they tend to be big, thus having a good SNR, compared with ERPs evoked by simple 
stimuli. Even though it has been previously shown that there is a face specific processing 
deficit in amblyopia [102], the amblyopic deficit in early neural processing, as reflected in the 
P1 component, should not be significantly affected by the stimulus used. 
 
 
Figure 4.1. Exemplar stimuli from Experiment 1 (A) showing unfiltered stimuli with broad spatial 
frequency content and 1.5 cpd low-pass filtered stimuli rotated ±5˚ for the orientation categorization 
task. (B) Exemplar hand stimuli from Experiment 2, which were used in the face-hand categorization 
task along with unfiltered stimuli from Experiment 1. (C) Contrast sensitivity function of amblyopic 
patients participating in Experiment 1. Dots indicate the group average, while error bars show the 
lowest and highest sensitivity measure in the group. The highest spatial frequency that was within the 
normal range (grey shaded region) for all participants was 1.5 cpd. (FE: fellow eye, AE: amblyopic eye; 
N=15). 
 
On half of the trials, faces were presented centrally subtending 2˚ (corresponding to 
the size of the fovea), while on the other half, they were presented at 5˚ eccentricity along 
either the upper or the lower vertical meridian. The vertical meridian was used to avoid the 
known naso-temporal asymmetries of strabismic amblyopes [118, 126], which would have 
increased the within-subject variance had the perifoveal stimuli been presented along the 
horizontal meridian. To control for the decrease in the retinal and cortical representation of the 
visual field towards the periphery, the 2˚ images were scaled with the cortical magnification 
factor and presented at the size of 4.7˚ in the perifoveal condition (covering 2.65˚-7.35˚ 
eccentricity). Image size was determined with the formula 
2EE
A
M linear

  provided by 
Horton and Hoyt [170] using mmA 2.29  67.32 E as calculated for human V1 [171]. 
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Each trial started with a cue, a brief change (100 ms) in the color of the fixation dot 
followed by the face stimulus for 250 ms with a fixed SOA of 1350 ms. A response window of 
2 s was given, which terminated when the subjects responded. Patients’ task was to judge the 
orientation of the face images and indicate a leftward or rightward tilt with the left or right 
mouse button, respectively. Trials were separated by a random ITI of 800–1200 ms. A fixation 
dot was present throughout the entire block and subjects were instructed to maintain fixation 
throughout the experiment. Stimuli were presented on a uniform gray background. Br and Lo 
face stimuli were presented with equal probability within a block in random order as were 
foveal and perifoveal presentation of these stimuli. Viewing was monocular, alternating 
between blocks, while the other eye was patched. Each participant completed four runs for 
each eye yielding 108 trials altogether for each stimulus type per eye (for a total of 864 trials). 
Stimulus presentation was controlled by MATLAB 7.1 (The MathWorks Inc., USA) using the 
Cogent 2000 toolbox (http://www.vislab.ucl.ac.uk/cogent_2000.php) and were presented on a 
26” LG IPS panel LCD monitor with large viewing angles at a refresh rate of 60 Hz and were 
viewed from 56 cm. 
In Experiment 2 stimuli consisted of four faces, chosen from the set of faces used in 
Experiment 1, and four hand photographs which were also covered with a circular mask. 
Stimuli were presented in two sizes following a study by Lerner et al [114]: 2 degrees in 
diameter for stimulation of the foveal region, while to stimulate the perifovea a 15-degree 
diameter stimuli were used with a 1.5-degree black disc placed on the fixation spot for better 
isolation from the foveal activation. Stimuli were presented centrally (viewing distance of 
50cm) on a uniform black background. 
Stimuli were displayed for 250 ms, and appeared in random order. Inter-trial interval 
was randomized between 500 and 900 ms, which was measured after button press. The 
fixation point was present trough out the trial. Subjects were tested in a dimly lit room where 
they were instructed to fixate the blue spot in the center of the monitor and to perform a two-
alternative forced choice face-hand categorization task by pressing either the left or right 
mouse button. Testing was monocular, while the other eye was patched. Foveal and perifoveal 
stimuli were presented in different blocks making four types of blocks in total (Foveal – 
dominant / fellow eye, Foveal – nondominant / amblyopic eye, Perifoveal – dominant / fellow 
eye, Perifoveal – nondominant / amblyopic eye). Block order was randomized with fellow and 
amblyopic eye alternating. There were a total of 96 trials for each block (i.e. stimulation) type, 
out of which 48 trials were face trials. In the current paper, we only consider these trials. Other 
experimental procedures were identical to Experiment 1. 
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2.3. Electrophysiological acquisition and processing 
Detailed technical description of acquisition and preprocessing can be found at Bankó et al., 
2013 [2]. Briefly, EEG data was acquired using a BrainAmp MR (Brainproducts GmbH., 
Germany) amplifier from 60 Ag/AgCl scalp electrodes mounted on an EasyCap (Easycap 
GmbH., Germany) with four additional periocular electrodes for recording the 
electrooculogram. All input impedance was kept below 5 kΩ. Channels were referenced to 
joint earlobes online with the nasion as ground and were re-referenced offline using a 
Laplacian transform on spherical spline interpolated data to generate scalp current density 
(SCD) waveforms. This was done to eliminate contamination of saccadic potentials and to 
make the data better suited for single trial peak detection (for more information see [2]). Data 
were band-pass filtered from 0.1-30 Hz including a 50 Hz notch filter, segmented (-200 – 600 
ms relative to stimulus), artifact rejected and baseline corrected. Data processing was done 
using BrainVision Analyzer (Brainproducts GmbH., Germany). 
In Experiment 2 all acquisition and processing steps were identical to Experiment 1, 
except the high-pass filter was set to 0.5 Hz to eliminate slow baseline shifts as a result of 
sweating. 
2.4. Statistical analysis 
Accuracy, calculated as percent correct responses, and reaction time were evaluated as 
behavioral measures. P1 and N170 component peaks were detected and analyzed on electrodes 
showing maximum deviation relative to baseline in the group average in the expected time 
period corresponding to the ERP peaks (PO7, PO9, P7, and P9, and PO8, PO10, P8, and P10 
for left and right clusters, respectively for both components). In the case of averaged ERPs, 
peak latency was determined on the left and right clusters separately, while mean peak 
amplitudes were measured over the individual electrodes of the clusters in a 10-ms window. 
For single-trial peak analysis, peaks were detected on each trial for each electrode as 
maximum and minimum activity for P1 and N170, respectively in an 80-ms time window 
centered on the individual peak latency of the respective component measured on the averaged 
ERPs. The amplitude and corresponding time of the local extremes were taken as the 
amplitude and latency of the component on a given trial. Single trial amplitude and latency 
values were pooled from electrodes on each side and the distribution of the values was 
characterized by calculating the median and the interquartile range (IQR), which is a measure 
of spread and is computed as the difference of the upper and lower quartile of the data, and 
thus describes the middle 50% of the data values [2]. 
Foveal and perifoveal data were analyzed separately by repeated-measures ANOVAs 
with within-subject factors of eye (FE vs. AE) and filtering (Br vs. Lo) for behavioral 
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measures; eye, filtering, side (L vs. R) and electrode (4) for averaged ERP amplitude; and eye, 
filtering and side for averaged ERP latency and single-trial electrophysiological measures, as 
the latter were pooled across electrodes for obtaining more reliable estimates of the central 
tendency and dispersion of the distributions. Tukey HSD tests were used for post-hoc 
comparisons. Homogeneity of variances was tested using Bartlett’s test for equal variances 
and in case this assumption was not met due to the higher variance of measurements from the 
AE, values were first rank transformed before being entered into the statistical test, which is 
noted by the superscript ‘r’ for rank ANOVA next to F-values when detailing statistical results. 
As many separate ANOVAs were conducted for analyzing the behavioral and 
electrophysiological data, significance level was set to p=0.013 (~0.05/4 – four main 
comparisons of: two positions × two independent measures) to control for the inflated type I 
error rate as a result of multiple comparisons. The significance level for fixation measurements 
was kept at p=0.05. We also conducted correlation analyses between the amblyopic effect on 
behavioral and electrophysiological measures using Spearman rank correlation. The 
interocular difference of all variables was taken as the index of the amblyopic effect. 
In Experiment 2 statistical analysis was performed on the latency and amplitude of 
averaged event-related responses (ERPs) by repeated-measures ANOVAs. There were two 
types of analysis: one contrasting the fellow and amblyopic eye of amblyopic observers (with 
eye, side and electrode (for amplitude only) as within-subject factors; the other comparing the 
dominant eyes for amblyopic and control observers (with group as between-subject factor, 
side and electrode (for amplitude only) as within-subject factors) separately for foveal and 
perifoveal stimulation. Post-hoc analyses and correction for unequal variances were done 
similarly as in Experiment 1. As many separate ANOVAs were conducted for analyzing the 
electrophysiological data, significance level was set to p=0.013 (~0.05/4 – four separate 
comparisons of: two positions × two independent measures) to control for the inflated type I 
error rate as a result of multiple comparisons. 
2.5. Analysis of eye-tracking data 
We tracked the gaze direction of all subjects using the iViewX Hi-Speed tracking column 
(SMI GmbH., Germany) while they performed the EEG experiment. However, we were able 
to record useable eye movement data for only nine patients due to the strong reflection of 
glasses that many were wearing. Trials were binned based on the viewing eye, stimulus type, 
and stimulus position, then for each eye position measurement (i.e. a pair of (x,y) coordinates) 
geometrical distance from the fixation point was calculated. The median distance of each of 
the eight stimulation conditions was used as a measure of fixation stability in each subject, 
higher distance values meaning less stable fixation. Analysis was carried out using three-way 
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repeated-measures ANOVA with eye (FE vs. AE), filtering (Br vs. Lo) and position (fovea vs. 
perifovea) as within-subject factors. 
3. Results 
3.1. Behavioral results 
In the case of foveal presentation, accuracy was impaired, while reaction times (RT) increased 
in amblyopic vision compared to viewing with the fellow eye (Figure 4.2; eye: Fr(1,14)=47.45, 
p<0.0001 and F(1,14)=22.05, p=0.0003 for accuracy and RT, respectively), which was true for 
both Br and Lo stimuli (all eye × filtering: F(1,14)<1.85, p>0.20). Nevertheless, filtering the 
faces had an additional effect in foveal vision further degrading accuracy in both eyes, which 
was due to the removal of higher frequencies including the characteristic frequencies for 
judging faces (filtering: Fr(1,14)=10.10, p=0.0067). It tended to increase reaction times as well, 
however it failed to reach significance (filtering: F(1,14)=6.70, p=0.021). 
In the case of perifoveal presentation, however, accuracy did not differ between the 
two eyes (eye: F(1,14)=3.02, p=0.10). Nevertheless, subjects were still significantly slower in 
responding when viewing with their amblyopic eye (eye: F(1,14)=21.57, p=0.0004). Low-pass 
filtering resulted in a drop in accuracy (filtering: F(1,14)=24.53, p=0.0002) and a slowing of 
RTs, similarly to that observed for foveal stimuli (filtering: F(1,14)=34.12, p<0.0001). These 
effects were consistent across eyes and types of stimuli (all eye × filtering: F(1,14)<0.65, 
p>0.44). 
The results of the eye-tracking analysis revealed that in agreement with previous 
findings [2, 116, 158, 159, 172] the ability of the amblyopic eye to fixate the central fixation 
mark was poor compared with the fellow eye (Figure 4.2C; eye: F(1,8)=9.39, p=0.015). 
Importantly, however this difference was constant across the visual field. Overall fixation 
stability was not affected by either stimulus position (position: F(1,8)=0.04, p=0.85, eye × 
position: F(1,8)=0.85, p=0.38) or low-pass filtering (filtering: F(1,8)=1.79, p=0.22). 
There were no systematic relationships between the amblyopic effect in any of the 
behavioral measures and the interocular difference in electrophysiological measures. A 
possible explanation for the lack of correlations is that the task was too easy to expect a 
substantial modulation in the behavioral results. 
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Figure 4.2. Behavioral results: accuracy (A), reaction times (B) and fixation stability (C). Results 
obtained from the amblyopic eye (AE) are shown in grey, while results from the fellow eye (FE) are 
black (Br: faces with broad spatial frequency content, solid columns, Lo: low-pass filtered face stimuli, 
striped columns; asterisks denote significant differences: *p<0.013, **p<0.001; N=15). 
 
3.2. Averaged ERPs show amblyopic deficit both at the fovea and perifovea 
Foveal stimulation 
The results revealed strong amblyopic effects on the amplitude and latency of the P1 and 
N170 components of the averaged event-related potentials in the case of foveal stimuli (Figure 
4.3A and Figure 4.4A), which were in accordance with previous findings [2, 41, 97, 100, 101]. 
Viewing with the amblyopic eye led to reduced amplitudes (Figure 4.7A; eye: Fr(1,13)=9.08, 
p=0.0099 and F(1,13)=25.95, p=0.0002 for components P1 and N170, respectively) and delayed 
latencies (eye: F(1,13)=19.69, p=0.0007 and Fr(1,13)=10.72, p=0.0060 for P1 and N170, 
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respectively) compared with the fellow eye for both ERP components (for statistics see Table 
4.2). These effects were similar for both Br and Lo stimuli as no significant eye × filtering 
interactions were found. Interestingly, the only effect low-pass filtering had on the averaged 
ERPs was a decrease in the averaged ERP amplitudes of the P1 component in both eyes. In the 
case of the P1 component, this effect was modulated by the hemisphere the ERPs were 
measured over: the amplitude drop was significant over the left, while only a trend over the 
right hemisphere (eye × side: Fr(1,13)=6.84, p=0.021, post-hoc: FE vs. AE pLeft=0.0002 and 
pRight=0.039). 
 
Perifoveal stimulation 
Stimulation of the perifoveal region when controlling for cortical magnification, yielded clear 
amblyopic deficits on the amplitude and latency of both ERP components similar to those 
found in foveal stimulation (Figure 4.3B, Figure 4.4B and Table 4.2): averaged component 
amplitudes were reduced, while latencies increased in the amblyopic eye compared with the 
fellow eye for both ERP components. Here too, these effects were present for both Br and Lo 
stimuli with the exception of P1 latency, where only Br stimuli differed between eyes, while 
the trend for Lo stimuli did not reach significance. Low-pass filtering the perifoveal images 
affected neither the amplitude nor the latency of ERP components. 
 
Large-field perifoveal stimulation 
Averaged component amplitude and latency of P1 were not significantly affected by 
amblyopic viewing (Fig. S3B; eye: F(1,13)=2.37, p=0.15 and F(1,13)=1.03, p=0.33 for component 
amplitude and latency, respectively) but showed a non-significant reduction and increase, 
respectively over the left hemisphere as indicated by a trend in the eye × side interaction (eye 
× side: F(1,13)=3.03, p=0.11 and F(1,13)=4.50, p=0.054 for component amplitude and latency, 
respectively). Component N170 exhibited a slight but significant amblyopic effect similar to 
foveal stimulation in the case of latency (eye: F(1,13)=39.37, p<0.0001), while the decrease in 
amplitude remained a non-significant trend (eye: Fr(1,13)=7.33, p=0.018). (Figure 4.3C). 
Taken together, amblyopia affects the component amplitude and latency of averaged ERPs 
under both foveal and perifoveal stimulation, but for the latter to be statistically evident it is 
advisable to keep the area of the activated cortex equal as stimulation is moved towards the 
periphery of the visual field. Importantly, however, amblyopic effects at the perifovea were 
small in contrast to foveal stimulation, which was statistically significant for most measures 
(Table 4.2).  
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Fovea Perifovea 
Amplitude Latency Amplitude Latency 
P1  P1  
eye: 
F(1,14)=14.18, p=0.0021 
eye: 
Fr(1,14)=60.21, p<0.0001 
eye: 
F(1,14)=11.11, p=0.0049 
eye: 
F(1,14)=15.67, p=0.0014 
filtering: 
F(1,14)=23.42, p=0.0003 
filtering: 
Fr(1,14)<0.001, p=0.98 
filtering: 
F(1,14)=1.50, p=0.24 
filtering: 
F(1,14)=1.08, p=0.32 
eye × filtering: 
F(1,14)=0.93, p=0.35 
eye × filtering: 
Fr(1,14)=0.05, p=0.83 
eye × filtering:  
F(1,14)=2.97, p=0.11 
eye × filtering: 
F(1,14)=9.08, p=0.0093 
FEBr vs. AEBr p=0.0002, 
FELo vs. AELo p=0.021 
eye × position: F(1,14)=5.58, p=0.033 and Fr(1,14)=16.45, p=0.0011 for amplitude and latency, respectively  
N170  N170  
eye: 
F(1,14)=23.28, p=0.0003 
eye: Fr(1,14)=49.71, 
p<0.0001 
eye: 
F(1,14)=16.49, p=0.0012 
eye: 
F(1,14)=19.73, p=0.0005 
filtering: 
F(1,14)=2.05, p=0.17 
filtering: 
Fr(1,14)=1.17, p=0.29 
filtering: 
F(1,14)=2.45, p=0.14 
filtering: 
F(1,14)=0.59, p=0.46 
eye × filtering: 
F(1,14)=3.77, p=0.073 
eye × filtering: 
Fr(1,14)=0.01, p=0.93 
eye × filtering:  
F(1,14)=0.03, p=0.86 
eye × filtering: 
F(1,14)=0.38, p=0.54 
eye × position: F(1,14)=14.18, p=0.0021 and Fr (1,14)=10.03, p=0.0069 for amplitude and latency, 
respectively  
Table 4.2. Amplitude and latency statistics for the averaged ERP responses. Significant effects are 
highlighted by bold face. ANOVA conducted on ranked data is denoted by the superscript ‘r’. 
 
Single-trial amplitude amblyopic deficit is restricted to the fovea 
We were interested whether this magnitude difference between fovea and perifovea simply 
reflected a quantitative decrease in the deficits towards the periphery as has been suggested 
[51, 126, 127] or qualitative changes may underlie amblyopic processing deficits at the 
periphery compared with the fovea. However, the results from the averaged ERP peak analysis 
are insufficient to pin down the nature of the amblyopic effects, due to the contamination of 
the observed amplitude by the elevated trial-to-trial ERP latency jitter in the amblyopic 
compared with the fellow eye [2], which is a result of impaired temporal structure of neural 
responses elicited by stimulating the amblyopic eye [151–153]. Therefore, we have performed 
a single-trial peak analysis on the responses obtained from faces with broad spatial frequency 
content by detecting peaks on each trial and evaluating component amplitude and latency 
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distributions. This enabled us to tease apart the contribution of changes in single-trial 
amplitude and latency to the amblyopic effects observed at the fovea and perifovea. 
 
 
 
Figure 4.3. Amplitude and latency of averaged event-related potentials of amblyopic subjects for foveal 
(A) and perifoveal (B) presentation. Stimuli were matched in size according to the cortical 
magnification factor. (N=15); (C) Statistics for large-field perifoveal stimuli from Exp. 2 are shown for 
comparison. Similar trends can be found as in panel A and B, but large-field stimulation masks the 
amblyopic deficits, decreasing the sensitivity to detect them (N=14). (AE: amblyopic eye, yellow, FE: 
fellow eye, blue; asterisks denote significant differences: *p<0.013, **p<0.001). 
 
Foveal stimulation 
In the case of foveal stimulation, single-trial response amplitudes were reduced significantly in 
the amblyopic compared with the fellow eye for both ERP components, which was evident in 
a shift of the amplitude distributions towards smaller values as indicated by a decrease in their 
medians (Figure 4.5A and Figure 4.6A, see Table 4.3 for statistics). This drop, however, was 
only significant on the right side in the case of P1, while present over both hemispheres but 
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more pronounced on the right side for N170. Dispersion of the amplitude values coming from 
the amblyopic eye was similar to that of the fellow eye, thus, the spread of component 
amplitude distributions was not altered by amblyopic viewing. 
 
 
Figure 4.4. Averaged event-related potentials of amblyopic subjects from Experiment 1 for foveal (A) 
and perifoveal (B) presentation. Stimuli were matched in size according to the cortical magnification 
factor. Time courses from the amblyopic (AE) and fellow eye (FE) are shown in grey and black, 
respectively (Br: faces with broad spatial frequency content, solid lines; Lo: low-pass filtered face 
stimuli, dashed lines; N=15; negative is down). 
 
Perifoveal stimulation. 
Importantly, however, amplitude distributions corresponding to peripheral stimulation, unlike 
in foveal stimulation, were not affected by amblyopia. Distributions, as characterized by their 
median and spread, were similar across all stimulation condition for both components (Figure 
4.5B and Figure 4.6B, Table 4.3). 
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Figure 4.5. P1 amplitude and latency distributions obtained over the right hemisphere in the case of 
foveal (A) and perifoveal (B) stimuli, which were matched in size according to the cortical 
magnification factor. The top panel shows averaged ERPs from the right electrode cluster (P8, P10, 
PO8, and PO10), while probability density functions (pdf) of latency and amplitude distributions of the 
two eyes are depicted in the middle and bottom panel, respectively. Pdfs were estimated individually 
using a normal kernel function, averaged across subjects and serve visualization purposes only. 
Individual parameters of the distributions (dots) are plotted below (medians) and to the right 
(interquartile ranges, IQRs) of each distribution panel, where the black dot and the box indicate the 
median and the 25%-75% range (IQR) of the data sets, respectively (FE: fellow eye, AE: amblyopic 
eye, N=15, asterisks denote significant interocular differences: p<0.013, negative is down for the ERP 
traces). 
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Figure 4.6. N170 amplitude and latency distributions obtained over the right hemisphere in the case of 
foveal (A) and perifoveal (B) stimuli, which were matched in size according to the cortical 
magnification factor. The top panel shows averaged ERPs from the right electrode cluster (P8, P10, 
PO8, and PO10), while probability density functions (pdf) of latency and amplitude distributions of the 
two eyes are depicted in the middle and bottom panel, respectively. Pdfs were estimated individually 
using a normal kernel function, averaged across subjects and serve visualization purposes only. 
Individual parameters of the distributions (dots) are plotted below (medians) and to the right 
(interquartile ranges, IQRs) of each distribution panel, where the black dot and the box indicate the 
median and the 25%-75% range (IQR) of the data sets, respectively (FE: fellow eye, AE: amblyopic 
eye, N=15, asterisks denote significant interocular differences: p<0.013, negative is down for the ERP 
traces). 
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Fovea Perifovea 
Amplitude median Amplitude jitter Amplitude median Amplitude jitter 
P1  P1  
eye: 
F(1,14)=7.99, p=0.013 
eye: 
F(1,14)=0.025, p=0.88 
eye: 
F(1,14)=0.36, p=0.56 
eye: 
F(1,14)=0.22, p=0.64 
eye × side: 
F(1,14)=3.74, p=0.073 
FEBr vs. AEBr pLeft=0.29, 
pRight=0.0022 
eye × side: 
F(1,14)=3.25, p=0.093 
eye × side:  
F(1,14)=0.099, p=0.76 
eye × side: 
F(1,14)=2.51, p=0.14 
 
N170  N170  
eye: 
F(1,14)=18.87, p=0.0007 
eye: F(1,14)=0.76, 
p=0.40 
eye: 
F(1,14)=2.78, p=0.12 
eye: 
F(1,14)=0.24, p=0.63 
eye × side: 
F(1,14)=5.86, p=0.029 
FEBr vs. AEBr 
pLeft=0.0018, 
pRight=0.0002 
eye × side: 
F(1,14)=1.76, p=0.21 
eye × side: 
F(1,14)=2.68, p=0.12 
eye × side: 
F(1,14)=0.01, p=0.93 
Latency median Latency jitter Latency median Latency jitter 
P1  P1  
eye: 
Fr(1,14)=83.70, p<0.0001 
eye: 
Fr(1,14)=6.1, p=0.013 
eye: 
F(1,14)=54.05, p<0.0001 
eye: 
F(1,14)=6.44, p=0.024 
eye × side: 
Fr(1,14)=0.09, p=0.77 
eye × side: 
Fr(1,14)=1.69, p=0.21 
eye × side:  
F(1,14)< 0.001, p=0.98 
eye × side: 
F(1,14)=6.29, p=0.025 
FEBr vs. AEBr pLeft=0.81, 
pRight=0.0029 
N1  N1  
eye:  
Fr(1,14)=47.32, p<0.0001 
eye: F(1,14)=26.81, 
p=0.0001 
eye:  
F(1,14)=30.62, p<0.0001 
eye: F(1,14)=12.19, 
p=0.0036 
eye × side: 
Fr(1,14)=4.72, p=0.047 
eye × side: 
F(1,14)=0.50, p=0.49 
eye × side: 
F(1,14)=1.56, p=0.23 
eye × side: 
F(1,14)=9.54, p=0.008 
FEBr vs. AEBr 
pLeft=0.060, 
pRight=0.0002 
Table 4.3. Median and interquartile range statistics for the amplitude and latency distributions. 
Significant effects are highlighted by bold face. ANOVA conducted on ranked data is denoted by the 
superscript ‘r’. 
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3.3. Amblyopic latency distributions display both foveal and perifoveal deficit 
 
Foveal stimulation 
P1 and N170 latency distributions were affected by amblyopic viewing, which led to a shift 
towards longer latencies (i.e. elevated medians) and to an increase in trial-to-trial latency jitter 
(i.e. larger spreads) (Figure 4.5A and Figure 4.6A, Table 4.3). These effects were similar 
across hemispheres, except in the case of the N170 latency medians, where the right 
hemisphere displayed a bigger amblyopic delay compared to the left hemisphere (median 
difference: 38ms vs. 21ms), which remained a non-significant trend. This replicates our 
previous results showing a selective processing deficit for faces in amblyopia [2]. 
 
Perifoveal stimulation  
When faces were presented at the perifovea, P1 and N170 latency distributions coming from 
the amblyopic eye displayed a pattern similar to foveal stimulation: increased medians and 
spreads compared with the fellow eye (Figure 4.5B and Figure 4.6B, Table 4.3). Latency 
medians were larger over both hemispheres, while the spread of latency distributions 
displayed a significant difference between amblyopic and normal viewing only over the right 
hemisphere. 
 
Taken together, averaged component amplitude reduction at the fovea stems from a mixture of 
single-trial amplitude decrease and the elevation of trial-to-trial latency jitter. In contrast, at 
the perifovea it is predominantly the result of increased trial-to-trial component jitter. Thus, 
the apparent averaged amplitude reduction in the latter case arises from averaging and is not 
due to a decrease in response magnitude. Conversely, the amblyopic delay in component 
latencies is present for both foveal and perifoveal stimulation, indicating a true neural deficit 
outside the fovea. 
3.4. Fellow eye ERPs do not differ significantly from control ERPs  
We were interested how closely the responses obtained from the fellow eye of amblyopic 
subjects approximate the ERPs of healthy subjects. In light of the null result concerning the 
comparison of component P1 of the fellow and amblyopic eyes of amblyopes under large-field 
perifoveal presentation, it would be important to know whether the fellow eye can be 
considered normal in respect to the amplitude and latency of its evoked responses. Therefore, 
we conducted Experiment 2 on fourteen healthy control subjects and compared the ERPs 
obtained from their dominant eye to that of the fellow eye of the amblyopic subjects in a 
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between-subject design. In addition, we compared their amblyopic eye to the control non-
dominant eye for perifoveal stimulation. 
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Foveal stimulation 
The results did not reveal any significant differences between the dominant eye of the two 
groups of subjects on the amplitude and latency of either ERP component in the case of foveal 
stimuli (Figure 4.7C). There were no significant main effects of group or group × side 
interactions either for P1 (all F(1,26)<1.72, p>0.20) or for N170 (all F(1,26)<1.66, p>0.21). 
 
Large-field perifoveal stimulation 
Similarly to the results obtained in the foveal stimulation, we failed to find significant 
differences in the case of perifoveal stimulation as well (Figure 4.7D). There were also no 
significant main effects of group or group × side interactions either for P1 (all F(1,26)<1.91, 
p>0.18) or for N170 (all F(1,26)<1.40, p>0.24). 
 
In agreement with the within-subject analysis of amblyopic patients, ERPs obtained from the 
amblyopic eye did not differ from those of control subjects in the case of P1 latency and N170 
amplitude (group: F(1,26)=0.06, p=0.81 and F(1,26)=0.31, p=0.58, respectively), where we also 
found no significant interocular differences between fellow and amblyopic eye. Similarly, 
N170 latency of the amblyopic eye was significantly longer than that of the non-dominant 
eyes of controls (group: F(1,26)=8.56, p=0.0071) corresponding to the significant interocular 
difference found within amblyopic patients. However, amblyopic P1 amplitude also differed 
from controls (group: F(1,26)=4.71, p=0.039), despite the fact that no significant interocular 
difference was found between the amblyopic and fellow eye in this respect. In agreement with 
the results of Experiment 1, this also suggests that the amblyopic deficit in P1 amplitude 
extends beyond the fovea. 
 Thus, it can be concluded that the measure of averaged ERPs is insensitive to any 
difference in electrophysiological activity that might exist between the dominant eyes of 
amblyopes and normal subjects. This finding is also backed by VEP studies where no 
difference was found either in the latency and peak-to-peak amplitude of the P100 VEP [117] 
and the P50 PERG component or in retinocortical time (RCT) between the fellow eye of 
amblyopes and normal control subjects [101]. 
4. Discussion 
We have shown that amblyopic deficits exist in the event-related potential responses recorded 
outside the central visual field. This can be reliably detected when the size of the peripheral 
stimulus corresponds to the size of the fovea scaled by cortical magnification. Stimulating a 
much larger cortical area, on the other hand, may render the deficit statistically unnoticeable. 
Our results have revealed for the first time that foveal and peripheral deficits differ in nature. 
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Deficit at the fovea arises as a mixture of decreased single-trial amplitude and delayed, 
uncertain timing of the ERP responses. Conversely, the amblyopic deficit outside the fovea is 
dominantly characterized by a deficiency in timing of neural responses, while the contribution 
of response magnitude reduction to the observed effects is negligible. 
4.1. Importance of cortical magnification 
Our results, demonstrating that the sensitivity of the ERPs for detecting amblyopic effects at 
the perifovea might depend on adequate stimulus scaling, may help to reconcile the divergent 
electrophysiological results concerning the presence or absence of the amblyopic deficit 
outside the fovea [101, 111–113, 116–118]. Full-field VEP an mfVEP also differ in 
stimulation field size: in an mfVEP stimulus it is scaled with eccentricity [173] using the 
cortical magnification formula computed by Horton and Hoyt [170], while typical clinical 
pattern-reversal VEP applications use a homogeneous large stimulation field minimally 15 
degree in diameter [112], which does not scale with check size, hence ignoring cortical 
magnification. Same holds true for large annular stimuli that are also frequently used to 
stimulate the perifovea [114, 115, 85, 151]. Thus, by using full-field VEPs or annular central 
stimuli [114] to investigate perifoveal or peripheral processing, many more neurons are 
activated in perifoveal compared to foveal stimulation. Due to the extensive summation of 
activity evoked by a large number of neurons throughout the whole periphery [50], small 
extrafoveal deficits could in principle fail to reach significance, hence they will go undetected. 
Thus, our results stress the notion that magnification scaling is a highly important variable that 
influences the elicited pattern evoked potential [111]. Our findings also closely parallels the 
psychophysical results of Katz and colleagues [50], who showed that peak contrast sensitivity 
of the amblyopic eyes at the periphery benefitted more from an increase in stimulus size, 
reaching the sensitivity of the fellow eyes for large central stimuli. They concluded that spatial 
summation across the extent of the stimulus field increased peak contrast sensitivity at least 
for the amblyopic eye [50]. 
4.2. Deficient ERP response timing in amblyopia 
The amblyopic deficit in timing of the neural responses are similar in nature across the visual 
field apart from the fact that the interocular difference at the perifovea appears to be attenuated 
compared with the difference at the fovea for both latency delay and jitter. Neurophysiological 
research on strabismic cats has revealed that neuronal response latencies in primary visual 
cortical neurons driven by the amblyopic eye are also delayed [151, 153] and highly variable 
as reflected by decreased neural synchrony [152] compared with visual neurons driven by the 
fellow eye. The increased variance in the timing of neural activity represents an increase in 
internal neural noise, which comprises random internal noise – a crucial factor in many 
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models used to explain the psychophysical performance of the amblyopic eye [174–177]. This 
ties in with our results of greater trial-to-trial variability of ERP component latency coming 
from the amblyopic eye, implying that an overall uncertainty in the timing of neural responses 
might underlie the increase in internal noise observed in amblyopia. Similar timing 
deficiencies have been found in autism spectrum disorder (ASD) by Milne [178], where the 
trial-to-trial variability (i.e. jitter) of P1 latency was found to be significantly higher than that 
of the matched control group, suggesting that individuals with ASD are less able to 
synchronize the activity of stimulus-related cell assemblies and display increased neural noise 
compared with healthy controls. 
4.3. Unaltered amblyopic ERP response strength at the periphery 
In the ERPs obtained with perifoveal stimulation we have found very weak, non-significant 
interocular changes in the single-trial amplitude as compared with the strong reduction at the 
fovea. There are at least two phenomena, which could possibly account for this. First, it has 
been shown, that induced refractive error causes amplitude reduction of VEP components, 
which is most pronounced for stimuli with higher spatial frequency (e.g. checks of 5-40’ of 
arc) [168, 179]. Since our sensitivity for high spatial frequencies decreases towards the 
periphery of the visual field, stimulation further away from the fovea becomes less susceptible 
to the effects of degraded visual acuity. In accordance, the acuity deficit of the amblyopic eye, 
also lessens towards the periphery [124–126]. Our finding, that the removal of higher spatial 
frequency content from the stimuli reduced the amplitude of the P1 component only at the 
fovea but not at the periphery is also in agreement with the above. Thus, the degraded visual 
acuity of the amblyopic eye could have contributed to the amblyopic amplitude reduction 
under foveal viewing in the case of P1, while did not effect single-trial amplitudes at the 
perifovea. Nevertheless, it is important to note, that the amblyopic effect on the averaged 
ERPs was present for low-pass filtered stimuli, indicating it is not simply the result of the 
inability of the amblyopic eye to perceive high spatial frequencies. Second, unsteady fixation, 
a known problem for amblyopic patients [2, 116, 158, 159, 172], can also lead to reductions in 
the observed amplitude. Artificially induced fixation errors greatly affect VEP waveforms 
especially at the fovea, but the effects have been found to be minimal outside the central 5-6˚ 
of the visual field in the case of approximately 1˚ fixation error [116, 180]. Thus, unsteady 
fixation is likely to contribute to amblyopic averaged amplitude reduction at the fovea. 
Nevertheless, it is unclear whether fixation instability affects true evoked potential magnitude 
or increases the trial-to-trial latency variability of the responses. To elucidate this, further 
studies using induced fixation instability are needed. 
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C h a p t e r  F i v e   
CONCLUSIONS AND POSSIBLE APPLICATIONS 
From our studies on the neural mechanisms of amblyopia the following conclusions can be 
drawn.  
1. We have provided electrophysiological support for the hypothesis that suppression of 
the visual input from the weaker eye is the primary underlying mechanism of the 
amblyopic syndrome by demonstrating that the input from the amblyopic eye is 
completely suppressed already at the earliest stages of visual cortical processing 
during binocular viewing. These findings underline the importance of considering 
suppression when treating amblyopia. 
2. The amblyopic disruption of early visual experience also alters the development of 
higher-order, object specific visual information processing in humans and thus our 
results suggest that amblyopia might provide a unique opportunity for the 
investigation of the neural mechanisms of compensatory plasticity in visual object 
processing.  
3. Despite the common perception of amblyopia as a foveal disorder, deficits exist 
outside the fovea as well. Our results suggest that the amblyopic deficit observed in 
evoked responses outside the fovea can mainly be regarded as a timing deficit, while 
at the fovea it is a combination of decreased response strength and faulty timing. This 
overall uncertainty in response timing might form the neural basis for increased 
internal noise. In addition, these results emphasize the importance of controlling for 
cortical magnification when evaluating amblyopic vision in the periphery. 
Taken together, the findings of the above series of studies can help us understand the neural 
mechanisms of amblyopia in more depth. Thus, they might aid in the development of a more 
efficient screening method as well as training protocols for visual impairments resulting in 
amblyopia in childhood. Importantly, the close monitoring of the changes in the uncovered 
neural correlates during training could bring about more effective personalized protocols, 
which is our future goal. 
 
Visual training as a potential treatment of amblyopia 
Several studies have provided evidence for improved vision in amblyopic adults following 
training. The studies have mostly employed three different kinds of intervention: monocular 
perceptual learning (PL), monocular videogame play (VGP) and dichoptic PL/VGP.  
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The argument that perceptual learning succeeds where everyday experience fails in 
amblyopic adults is that the less plastic brain of the adult requires “attention and action using 
the amblyopic eye, supervised with feedback” in order to provide effective treatment [181].  
In initial PL studies the participants were required to perform fine discrimination tasks 
in monocular condition. Even with 40–50 hours of perceptual learning, most adults achieve 
only 0.1–0.2 logMAR improvements in visual acuity (1–2 lines). Serious limitation of this 
method is that the task is typically repetitious, boring and the improvements are specific to the 
trained task and do not transfer readily to other tasks.  
Action video games are able to capture attention thus, sustain interest for a prolonged 
time because of the varied visual tasks, story lines and rewards provided by the games for 
making correct discriminations. A recent evaluation of an of-the-shelf action game (Medal of 
Honor: Pacific Assault) found that just 20 hours of play with the fellow eye patched resulted in 
a mean improvement of 0.15 logMAR. Hussain et al. (2014) have developed a contrast-based 
videogame for treating both adults and children with amblyopia [182].  
While these monocular training methods are directed toward improving the visual 
performance of the amblyopic eye, an alternative approach is to treat amblyopia by reducing 
the suppression by training dichoptically.  
Eastgate and colleagues have developed a virtual reality display system on which 
interactive games are played via stereo display, with different elements of the ‘scene’ visible 
to the two eyes (at the same contrast) [183]. Hess and colleagues have developed a version of 
the video game Tetris that can be played on an iPod and is viewed dichoptically, with blocks 
visible to the good eye displayed at a lower contrast than those visible to the amblyopic eye 
such that they appeared the same to the two eyes [48]. After playing the game for 1 hour each 
day for 2 weeks subjects exhibited significantly greater improvement in visual acuity (1.6 
lines) and stereopsis when training had been dichoptic rather than using just the amblyopic eye 
[49].  
Vedamurthy and colleagues have developed a game which was designed to 
incorporate the benefits of perceptual learning, action videogame play, and dichoptic training. 
They could have expected to see an additive effect, leading to larger improvements in VA than 
each of the methods on its own. However, the magnitude of improvement was 1.4 lines on a 
logMAR chart after 40 hours of training. They also found significant improvement in contrast 
sensitivity, quality of life (the fear of losing the good eye) and reading speed. Faster reading 
speed can be a direct result of the fast-paced nature of first-person-shooter action video games, 
which require fast actions and eye movements to identify game bots [62]. 
 When directly looking at improvement in stereopsis -, which would be the ultimate 
goal in amblyopia therapy - as a result of various training methods, the following can be said. 
Stereopsis can be improved in anisometropic amblyopia through either monocular or dichoptic 
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training; however, individuals with strabismic amblyopia fare better with dichoptic training 
than with monocular training and better yet with direct training of stereopsis [184].  
 Thus, drawing from amblyopia training results obtained so far in the literature and 
from our expertise in attention research, we are currently taking part in the development of a 
video game based 3D virtual reality training software, directly targeting stereopsis 
improvement that suitably addresses sensory and attention deficits that occur in amblyopia. 
The envisaged tool could meet an important clinical need for restoring stereovision in 
amblyopes through manual interactivity in 3D space and even preserving visual functions 
through healthy aging [12].  
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C h a p t e r  S i x  
SUMMARY 
New scientific results 
Thesis I:  I have shown that the amblyopic effects present on the early ERP components in the 
case of monocular stimulation are not manifested in the ERP responses during binocular 
viewing, which suggests that input from the amblyopic eye is completely suppressed 
already at the earliest stages of visual cortical processing when stimuli are viewed by both 
eyes. 
 
Published in [1] 
 
I measured event-related potentials (ERP) to foveal face stimuli in amblyopic patients, both in 
monocular (amblyopic or fellow eye) and binocular viewing conditions. The results revealed 
no statistical difference in the amplitude and latency of early components of the ERP 
responses between the binocular and fellow eye stimulation. On the other hand, early ERP 
components were reduced and delayed in the case of monocular stimulation of the amblyopic 
eye as compared to the fellow eye stimulation or to binocular viewing, which is a well known 
signature of amblyopia. These results are in agreement with the most widely accepted view 
about the primary underlying mechanism of the amblyopic syndrome, which formulates that 
amblyopia is the result of the dominant eye’s suppression of the visual input from the weaker 
eye. 
 
Thesis II:  I have shown that during foveal stimulation the amblyopic disruption of early visual 
experience leads to deficits both in the strength and timing of higher-level, face specific 
visual cortical responses, reflected in the N170 component, and that these effects differ 
between strabismic and anisometropic patients. 
 
Published in [2] 
 
By measuring event related potentials (ERP) to foveal face stimuli I have characterized the 
amblyopic effects on the N170 component, reflecting higher-level structural face processing. 
Single trial analysis revealed that latencies of the ERP components increased and were more 
variable in the amblyopic eye compared to the fellow eye both in strabismic and anisometropic 
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patent groups. Moreover, there was an additional delay of N170 relative to the early P1 
component over the right hemisphere, which was absent in the fellow eye, suggesting a slower 
evolution of face specific cortical responses in amblyopia. On the other hand, distribution of 
single trial N170 peak amplitudes differed between the amblyopic and fellow eye only in the 
strabismic but not in the anisometropic patients. Furthermore, the amblyopic N170 latency 
increment but not the amplitude reduction correlated with the interocular differences in visual 
acuity and fixation stability. There was no difference in the anticipatory neural oscillations 
between stimulation of the amblyopic and the fellow eye implying that impairment of the 
neural processes underlying generation of stimulus-driven visual cortical responses might be 
the primary reason behind the observed amblyopic effects. 
 
Thesis III:  I have shown that amblyopic deficits exist in the event-related potential responses 
recorded outside the central visual field, which, however, differ in nature from the 
observed foveal deficits: they are dominantly characterized by a deficiency in timing of 
neural responses, while the contribution of response magnitude reduction to the observed 
effects is negligible. 
 
Published in [3] 
 
I have investigated the amblyopic effect on event-related potentials (ERPs) with foveal and 
perifoveal stimuli, either matched in size based on cortical magnification or presented as large 
annular stimuli in two separate experiments. Latency and amplitude of averaged ERPs and 
their single-trial distributions were analyzed. When stimulating the fovea, latency and 
amplitude of the early averaged ERP components increased and were reduced, respectively in 
the amblyopic compared with the fellow eye. Importantly, perifoveal stimulation also elicited 
similar amblyopic deficits, which were clearly significant in the case of using cortical 
magnification scaled stimuli. However, single-trial peak analysis revealed that foveal and 
perifoveal effects differed in nature: peak amplitudes were reduced only in foveal stimulation, 
while latencies were delayed and jittered both at the fovea and perifovea. The findings 
revealed the existence of amblyopic deficits at the perifovea when the stimulated cortical area 
was matched in size to that of foveal stimulation. In addition, the results emphasize the 
importance of controlling for cortical magnification when evaluating amblyopic vision in the 
periphery. 
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